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ABSTRACT
The stratigraphy preserved in the Eocene Green River Formation provides key 
insights into the evolution of ancient Lake Uinta and the controls influencing sediment 
deposition and facies distribution. This study characterizes the stratigraphy of the middle 
to upper Green River Formation (transitional interval to the R8) in Gate Canyon, south­
central Uinta Basin, and Willow Creek/Indian Canyon, western Uinta Basin. The 
examined sections were deposited during and after early Eocene hyperthermal events that 
followed the Paleocene-Eocene Thermal Maximum, allowing specific investigation of the 
transition between a pulsed, hyperthermal climate regime during the Early Eocene 
Climatic Optimum to a period of climatic stability.
Detailed outcrop and core descriptions along with paleocurrent data, thin sections, 
and X-ray fluorescence data reveal distinct suites of facies both spatially and temporally. 
Three evolutionary lake phases are suggested by the stratigraphy, from an overfilled 
basin (C1-Si.3), to a balanced-fill basin (C4-middle R8), to an underfilled basin (middle 
R8-saline facies). The facies of the first phase record a highly fluctuating lake with 
alternating carbonate and siliciclastic dominated packages that may be associated with 
Eocene hyperthermal events. The central portion of the basin contains a large proportion 
of coarser grained sandstone bodies, coarser grained carbonates, and microbialites 
whereas the western portion of the basin contains minor sandstone bodies, and abundant 
fine grained siliciclastic material and muddy carbonate units. The change in grain size
from east to west represents a transition off the main depositional axis of a major deltaic 
system in the central portion of the basin to a more low energy, shallow lake margin 
setting.
The stratigraphy of the second lake phase consists of organic-rich and poor 
carbonate mudstone, tuffs, and siltstone. These facies record a deep lacustrine 
environment, suggesting lake transgression as a result of the shift from a pulsed, 
hyperthermal climate regime to a period of climatic stability. The stratigraphy of the final 
lake phase consists of organic-rich and poor carbonate mudstone, tuffs, siltstone, minor 
sandstone, and saline deposits. These observations indicate lake regression and the 
eventual closing of Lake Uinta. Overall, this study seeks to link these regions to provide a 
more comprehensive understanding of the evolution of Lake Uinta.
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“Man cannot discover new oceans unless he has the 
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INTRODUCTION
Lacustrine systems contain economically significant stores of hydrocarbons 
(Carroll and Bohacs, 1999), and so an improved understanding of the controls on 
deposition and evolution within these systems is necessary for predicting the spatial 
distribution of organic-rich source facies and reservoir facies. Specifically, defining the 
relative importance of upstream and downstream controls is critical in lacustrine basins. 
Major controls include climate and tectonics, which promote sediment and water 
transport upstream and provide accommodation downstream (Figure 1).
Past and ongoing studies have focused on processes that control the stratigraphic 
architecture within marine basins in order to predict the location of hydrocarbons (e.g., 
Van Wagoner, 1995; Miall and Arush, 2001; Martin et al., 2009). Although marine and 
lacustrine systems have similar depositional controls, basin size, geometry, and variations 
in salinity in lake basins create unique sedimentologic characteristics that need to be 
considered. Meanwhile, modern lacustrine analogs are very diverse and record numerous 
controls such as hydrology, chemistry, and biology, which are far too complex to 
organize into a systematic study of lake basins (Johnson et al., 1987; Cohen, 1989; 
Bohacs et al., 2000). Ancient lacustrine deposits provide fairly uncomplicated 
information about lake conditions, and although data are somewhat difficult to interpret, 
can provide an important, long timescale perspective on lake evolution and the resulting 
stratigraphic architecture (Carroll and Bohacs, 2001). This study focuses on the Eocene
2Major controls: Tectonics and climate
Hinterland
Figure 1 -  Main depositional controls on lacustrine systems; modified from S0mme et 
al., 2009.
3Green River Formation, which shows regional variations in depositional controls both 
spatially and temporally.
The Green River Formation is an Eocene lacustrine formation that was deposited 
in the Piceance Creek, Uinta, Greater Green River, and Washakie basins o f  the western 
United States (Figure 2). It represents a continental interior, terminal lake system known 
as Lake Uinta in the Piceance Creek and Uinta basins, and Lake Gosiute in the Greater 
Green River and Washakie basins (Johnson, 1985; Birgenheier and VandenBerg, 2011; 
Tanavsuu-Milkeviciene and Sarg, 2012). This study focuses on the Green River 
Formation deposited in the Uinta Basin of northeastern Utah via Lake Uinta. The long­
term evolution of Lake Uinta, including occurrence, facies distribution, and stratigraphic 
architecture, was ultimately controlled by the balance between accommodation and 
sediment and water supply (Carroll and Bohacs, 1999; Carroll and Bohacs, 2001; Smith 
et al., 2008; Birgenheier and VandenBerg, 2011). This balance resulted in different lake 
phases, here referred to as overfilled, balanced-fill, or underfilled as termed by Carroll 
and Bohacs (1999), that reflect the relative levels of water and sediment as compared to 
surrounding basins.
Seminal models of the Green River Formation have been developed in numerous 
publications (e.g., Carroll and Bohacs, 1999); however, recent studies of other Eocene 
formations have illuminated global and regional records o f  major climatic events during 
this time period (e.g. Nicolo et al., 2007; Sexton et al., 2011; Abels et al., 2012; 
Aswasereelert et al., 2012). The formation was deposited during the hyperthermal events 
that followed the Paleocene-Eocene Thermal Maximum (PETM) (Wing and Greenwood, 
1993; W ilf et al., 1998; Lourens et al., 2005; Bowen and Beitler Bowen, 2008; Sexton et
4Figure 2 -  Paleogeographic distribution of Lake Uinta and Lake Gosiute on modern 
basin margins in Utah, Colorado, and Wyoming; red outline highlights the Uinta Basin 
and red box highlights the field area for this study; modified from Birgenheier and 
VandenBerg (2011).
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6al., 2011; Abels et al., 2012; Plink-Bjorklund and Birgenheier, in review), requiring the 
redevelopment of existing lacustrine models while incorporating these small-scale 
climate events. It is well documented that abrupt global warming events such as the 
PETM cause increased seasonality, at least regionally, or extreme periods of wetting and 
drying, and thus increased weathering and sedimentation rates (Tucker and Slingerland, 
1997; W ilf et al., 1998; Kraus and Riggins, 2007; Birgenheier and VandenBerg, 2011; 
Foreman et al., 2012; Plink-Bjorklund and Birgenheier, in review). Although the 
hyperthermal events observed during the Eocene Climatic Optimum are much smaller in 
scale than the PETM, it is likely that the system would respond in a similar, yet more 
muted degree, with increased siliciclastic sedimentation occurring in response to these 
events.
The stratigraphy in the middle and upper members of the Green River Formation 
towards the south-central and western margins of the basin contain distinct carbonate 
dominated (C) and siliciclastic dominated (Si.) packages which may be a function of 
these hyperthermal events. During siliciclastic deposition, carbonate accumulation is 
limited as a result of the higher influx of siliciclastic sediment; in contrast, during 
carbonate deposition, siliciclastic input is limited. By closely examining the nature of the 
facies within these carbonate and siliciclastic dominated packages along with other major 
stratigraphic units, investigations can be made on specifically how climate change and/or 
tectonics both during and after these events may have influenced facies distribution, 
stratigraphic architecture, and overall lake evolution.
Although the Green River Formation is one of the most heavily cited ancient 
lacustrine successions, a detailed basin-wide stratigraphic framework that highlights
7depositional controls and lake evolution is lacking from the Uinta Basin. The Green River 
Formation in the Uinta Basin contains a relative balance of siliciclastic, carbonate, and oil 
shale facies. In terms of economic interests, the formation hosts both conventional oil and 
gas reserves as well as a world-class oil shale resource in the upper Green River 
Formation (Vanden Berg, 2008) that is found in the alternating organic-rich and organic- 
lean zones in the basin. The oil shale deposits in the Uinta Basin hold an estimated total 
in-place oil of 1.32 trillion barrels (Johnson et al., 2010). This falls slightly under that of 
the Piceance Basin, which is estimated to have an in-place resource of 1.53 trillion barrels 
and is considered to be the largest oil shale deposit in the world (Johnson et al., 2010). A 
basin-wide model of the Green River Formation in the Uinta Basin is critical for 
predicting the spatial distribution of organic-rich source facies and reservoir facies in 
order to assist in future economic development of the basin.
This study focuses on a particularly understudied stratigraphic interval, the middle 
to upper Green River Formation (spanning the transitional interval to the R8), that is 
located in the south-central to western portions of the basin (Figures 2 and 3). Two field 
locations that are approximately 35 km apart, along with 2 cores located nearby, were 
used to provide a detailed sedimentologic and stratigraphic study that includes measured 
sections, stratigraphic architecture data, paleocurrent data, thin sections, and X-ray 
fluorescence data. This interval can be categorized both spatially and temporally, into the 
long-term lake phases described above (i.e., overfilled, balanced- fill, and underfilled). 
Furthermore, small-scale facies and architectural changes were interpreted in this interval 
to subdivide the lake phases, provide a detailed stratigraphic and sedimentologic 
interpretation, and compare it to ongoing and previous studies of the formation in other
8Figure 3 -  Generalized stratigraphy in the central and western portions of the Uinta 
Basin; red box highlights the stratigraphic intervals o f  interest for this study, from the 
transitional interval to the R8; GR = Green River Formation, R = organic-rich zones; 
volcanic ages from Smith, 2010.
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portions of the basin. Finally, comparisons between the lake phases observed in the 
stratigraphy and modern analogs were established in order to develop a complete 
understanding of lake evolution.
GENERAL SETTING AND STRATIGRAPHY
The Uinta Basin and other continental basins scattered around the central Rocky 
Mountain Region were formed by Laramide block uplifts that were variably active during 
the Cretaceous through the Eocene (Dickinson et al., 1988). These basins occupy the 
broken Sevier fold and thrust belt and record the evolution from large fluvial systems of 
the Sevier to long-lived lake systems with shifting hydrologic patterns (Franczyk and 
Pitman, 1991; Davis et al., 2008). Open lacustrine deposition related to the Green River 
Formation occurred throughout the early to middle Eocene (~53-43 Ma) (Davis et al., 
2008; Tanavsuu-Milkeviciene and Sarg, 2012) (Figure 2). Various events influenced 
accommodation and hydrology and inevitably led to the connection or isolation of the 
lakes in the different basins through time (Smith et al., 2008).
The Uinta Basin in eastern Utah is bounded by Laramide uplifts, including the 
Uinta Uplift to the north and the San Rafael Swell and Uncompaghre Uplift to the south 
(Johnson, 1985; Moore et al., 2012). To the west, the Uinta Basin is bounded by the 
younger, more recently uplifted Wasatch Range and Wasatch Plateau (Cashion, 1995; 
Johnson et al., 2010). To the east, the Uinta Basin is separated from the Piceance by a 
north-south trending, Laramide-age anticline known as the Douglas Creek Arch 
(Johnson, 1985; Bader, 2009; Johnson et al., 2010). While subsidence of the basins on 
either side continued, the Douglas Creek Arch persisted as a positive topographic feature 
that acted as a sill occasionally separating the two lake systems (Osmond, 1965;
12
Rosenberg, 2013; Rosenberg et al., in press).
Underlying the Green River Formation is the Wasatch/Colton Formation that was 
deposited across the Paleocene-Eocene boundary (Fouch, 1975, 1976; Ryder et al., 1976) 
(Figure 3). These formations represent the fluvial and small lacustrine systems that were 
deposited prior to the large-scale, basin-wide lacustrine systems. Overlying and 
interfingering with the top of the Green River Formation is the fluvial Uinta Formation 
(Cashion, 1995) (Figure 3).
Stratigraphic nomenclature in the Green River Formation is only locally 
applicable and changes based on lithology and author (Ryder et al., 1976; Keighley et al., 
2003; Birgenheier and VandenBerg, 2011). It can be divided into the lower, middle, and 
upper members (Remy, 1992; Morgan, 2003; Birgenheier and VandenBerg, 2011)
(Figure 3). Towards the south central and western region of the basin, the lower member 
is composed of dominantly lacustrine facies that interfinger with the fluvial 
Wasatch/Colton Formation whereas the middle member is composed of fluvial-deltaic 
and carbonate facies. In stratigraphic order, the middle member contains the Sunnyside 
delta interval and the transitional interval. The C marker, a regional unit that consists of a 
series of carbonate beds ~2-8 m thick, marks the boundary between these two intervals 
within the middle member (Remy 1992) (Figure 3).
This study focuses on the stratigraphy from the transitional interval up through the 
R8 (Figure 3). The transitional interval, which was informally named by Remy (1992), 
consists of the alternating lithologic units here referred to as carbonate packages (C) and 
siliciclastic packages (Si.). These packages are roughly correlative to the organic-rich and 
organic-lean zones identified in other studies of the middle and upper Green River
13
Formation, including outcrop (e.g., Rosenberg, 2013) and subsurface log studies (e.g., 
Johnson et al., 2010). However, in Gate Canyon and Willow Creek/Indian Canyon, these 
organic-rich and lean zones are difficult to recognize due to the proximity and influence 
of the lake margin and the absence of profundal oil shale in the transitional interval. 
Therefore, separate terminology is used in this study (C and Si.) in order to distinguish 
these packages from the aforementioned rich and lean zones. Above the transitional 
interval is the S1 sandstone, which marks the top of the middle Green River Formation 
(Weiss et al., 1990; Remy, 1992) (Figure 3).
The base of the upper member is found at the base of the Mahogany zone (R7), 
which is the richest oil shale unit in the Green River Formation (Vanden Berg, 2008) 
(Figure 3). Following R7 deposition is another siliciclastic unit referred to as the S2 
sandstone that is overlain by the regionally extensive R8 zone. For this study, the S1 
sandstone, Mahogany zone, and S2 sandstone are referred to as the Mahogany interval. 
The upper R8 zone consists of the Horse Bench Sandstone, which is a regional sandstone 
body that prograded into the basin from the west. In the central portion of the basin, the 
R8 is considered the top of the Green River Formation. In the west, the R8 transitions 
into the saline facies which is considered the top of the Green River Formation in this 
area of the basin (Dyni et al., 1985) (Figure 3). The upper units are together informally 
referred to as the R8 interval.
METHODS
A detailed field and core-based sedimentologic and stratigraphic study was 
performed to highlight key vertical and lateral facies changes along with bed geometries 
and architectural features. Two composite cm- to m-scale sections were measured from 
high-quality outcrop exposures in Gate Canyon and Willow Creek/Indian Canyon along 
with two cores that were described near these field areas (Figure 4). The two composite 
sections, each approximately 400 m thick, are located about 35 km apart and 
stratigraphically span the transitional interval through the Horse Bench Sandstone 
(Appendices A and B). Key stratigraphic units were identified in the field using Morgan 
(2003) and Remy (1992), for Indian Canyon and Gate Canyon, respectively. Both 
measured sections were followed laterally and translated up canyon as outcrop exposure 
dictates. Key features such as lithology, organic richness, grain size, color variations, 
sedimentary structures, and bed thicknesses, geometry, and contacts were documented. 
Paleocurrent orientation data were also recorded from trough cross beds, current ripples, 
and accretion sets to determine directional accretion of sandstone body deposits 
(Appendix B). Furthermore, photopans of each outcrop were compiled in order to 
document architectural features and highlight different stratigraphic units.
Detailed sedimentologic, stratigraphic, and geochemical analysis of two cores, the 
Henderson 3 core (110 m, 361 ft.) and the Half Moon Canyon core (426 m, 1398 ft.), was 
performed. The Henderson 3 core, which is located 10.5 km north of the Gate Canyon
15
Figure 4 -  Paleogeographic map and field area map; A) Paleogeographic map of Utah, 
Colorado, and Wyoming during the Eocene illustrating the extent of the Green River 
Formation in the 3 major basins; the field area for this study is highlighted by the red 
box; modified from Blakey and Ranney (2008). B) DEM showing the locations of the
2 measured outcrop sections and the 2 cores.
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outcrop, stratigraphically spans the upper transitional interval to the S2 sandstone (Figure 
3, Appendix B). Examination of this cored interval allowed detailed visual investigation 
of the Mahogany interval along with thin sections and X-Ray fluorescence (XRF) that 
outcrop does not afford. The Half Moon Canyon core is located 19 km north of the 
Willow Creek/Indian Canyon outcrop and stratigraphically spans the Mahogany zone at 
the base through the saline facies above the Horse Bench Sandstone at the top (Figure 3, 
Appendix B).
Sixteen thin sections of the Henderson 3 core were petrographically described to 
better define the key facies observed (Appendix C). Thin sections of predominantly 
mudstone were stained for calcite and iron and were impregnated with red fluorescent 
epoxy in order to maintain the quality of the thin sections. Features systematically noted 
include grain size, sedimentary structures, sorting, rounding, matrix type and percentages, 
as well as the abundance of certain grains, such as quartz, skeletal carbonate grains, non- 
skeletal carbonate grains, dolomite, marcasite, saline crystals, and organics (Williamson, 
1972; Williamson and Picard, 1974; Freytet and Verrecchia, 2002; Scholle and Ulmer- 
Scholle, 2003; Bereskin et al., 2004). Multiple photomicrographs of each thin section 
were taken in order to highlight significant features.
Nondestructive XRF analysis in both cores was performed to better understand 
the observed stratigraphic units (Appendix D). Using a Bruker AXS TRACER III-V 
energy dispersive handheld XRF unit, major and trace elemental abundance 
measurements were recorded at roughly 3 m intervals, with increased measurements 
taken in highly variable sections of the core. Raw data were collected as a spectrogram 
and converted to weight percent. A matrix specific calibration was required (Rowe et al.,
18
2012). To ensure accuracy, a standard pressed pellet was run periodically throughout 
testing. Detailed XRF analysis allows for more detailed lithologic descriptions, especially 
within fine grained material that might be difficult to describe through visual inspection 
alone.
RESULTS
Facies Associations and Related Facies 
Thirteen facies are defined in the middle to upper Green River Formation based 
on lithology or composition, sedimentary structures, organic richness, and overall 
geometry (Table 1). The thirteen facies are grouped into the following six main facies 
associations (F): F1) steep gradient, littoral to sublittoral siliciclastic deposits; F2) 
shallow gradient, littoral to sublittoral siliciclastic deposits; F3) low siliciclastic sediment 
supply, littoral to sublittoral carbonate deposits; F4) siliciclastic sediment-starved, 
profundal lake deposits; F5) saline deposits; and F6) volcanic deposits. These six facies 
associations reflect dominant lithologies, basin geometry, relative siliciclastic sediment 
supply, and lake zonation based on energy level and water depth (Figures 5 and 6). 
Measured sections, core descriptions, and thin section descriptions along with their 
respective facies association designations are documented in Appendices B and C.
Facies Association 1: Steep gradient, littoral 
to sublittoral siliciclastic deposits
Facies Association 1 (F1) occurs in the transitional interval and the R8 interval of
the basin and consists of very fine to medium grained sandstone with interbeds of
siltstone and very fine sandstone (Figures 6 and 7). This facies association is laterally
related to Facies Association 2 (F2).
Table 1 -  Fades and fades assodations observed in outcrop and core; GC - Gate Canyon, WC/IC - Willow Creek/Indian Canyon, 
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Facies Association 1: Steep gradient, littoral to sublittoral siliciclastic deposits
Fine to medium grained sandstone, lateral 
accretion sets, trough cross stratification (TCS), 
current ripples, planar parallel laminations (PPL), 
soft sediment deformation (SSD), rip-up clasts, 
minor fish debris
Siltstone and very fine sandstone, PPL, current 
ripples and wave ripples, climbing ripples, low 
angle laminations (LAL), SSD, minor burrows
Very fine to medium grained sandstone, 
wave ripples, PPL, LAL, minor burrows, 
ostracod debris, carbonate grains
1-5 m thick, 
erosionally based
1-5 m, tabular 
or gradational
1 -3 m, tabular 






(GC), thin sections 




R8, Horse Bench (GC) Shoreface deposits
Facies Association 2: Shallow gradient, littoral to sublittoral siliciclastic deposits
Transitional intervalVery fine to fine grained sandstone, downstream 
accretion sets, low angle laminations (LAL), 
current ripples, minor TCS, PPL, wavy 
laminations, SSD
Interbedded muddy siltstone and very fine 
grained sandstone, current ripples, LAL, minor 
wave ripples
Green siltstone with calcareous matrix, massive, 
minor PPL, minor burrows, mottled, interbedded 
with green mudstones
Green/purple mudstone and minor siltstone, 
mottled, pedogenic, slicks, current ripples in 
siltstone
1-3 m, slightly 
erosionally based, 
sheet-like
1-2 m, slightly 
erosionally based
1-8 m, tabular, 
flaggy weathering






















Facies Association 3: Low siliciclastic sedim ent supply, littoral to sublittoral carbonate deposits
F3.1 Microbialite








Stromatolite and thrombolite, minor fish debris
Wackestone and grainstone, massive to PPL to 
wavy laminations, minor current and wave ripples, 
minor burrows, fish and ostracod debris, carbonate 
rip ups, minor LAL
10-50 cm, wavy 
to tabular





(GC, WC/1C, H3), 
thin sections 13, 16
Micrite, massive to PPL to wavy laminations, 
rhythmites, occasional rip ups, SSD, siltstone 
interbeds, disseminated dolomite, algal pellets
Transitional interval, 
Mahogany zone, R8 (GC, 
WC/IC, H3), thin sections 
3 ,4 , 5, 8, 12, 14, 15
Facies Association 4: S iliciclastic sedim ent starved, profundal lake deposits
20 cm - 2 m, tabular 
to wavy, flaggy 
weathering
Oil shale, massive to PPL to wavy laminations, 
SSD, minor salines and marcasite, precipitated 
carbonate nodules, disseminated dolomite, organic 
lenses
20 cm - 2 m, tabular
to wavy
Facies A ssociation 5: Saline deposits
Nahcolite and shortite, small and large voids (mm 
to cm), crystals, PPL, fracture fill (from core)
Facies A ssociation 6: Volcanic deposits
Tuff, rhyolitic texture, diagenetic red iron bands, 
SSD
5 - 3 0  cm, wavy 
to tabular
Mahogany zone and R8 
(GC, WC/IC, H3), thin 
sections 6, 7, 9
Mahogany zone (H3), 
saline facies (HMC), 
thin section 9





Carbonate ramp and 
lake flat, littoral and 
sublittoral (low 
energy)






Figure 5 -  Lake zonations with defined facies from Table 1.
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Figure 6 -  Depositional model of facies from Table 1. Note the transition from a steep 
gradient (left) to a shallow gradient (right) and the resulting facies and facies 
distributions. The steep gradient is representative of Gate Canyon (central region) and 
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channelized
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Littoral, strongly channelized sandstone
Littoral/sublittoral, interbedded siltstone and sandstone
Littoral, tabular sandstone





Littoral, coarse grained carbonate
Littoral/sublittoral, organic-poor carbonate mudstone
Profundal, organic-rich carbonate mudstone
25
Figure 7 - Facies Association 1: Steep gradient, littoral to sublittoral siliciclastic 
deposits. A) Facies 1.1 from Indian Canyon Horse Bench; strongly channelized littoral 
sandstone body. B) Facies 1.1 from Gate Canyon transitional interval; base of channel 
rip-up clasts composed of carbonate clasts and stromatolites heads. C) Facies 1.1 from 
Gate Canyon transitional interval; current ripple sets. D) Facies 1.1 from Gate Canyon 
S1 sandstone; trough cross stratification. E) Facies 1.2 from Gate Canyon transitional 
interval; very fine sandstone bed encased in siltstone, current ripples, tabular. F) 
Facies 1.2 from Gate Canyon R8; syneresis cracks at the base of a thin siltstone bed.
G) Facies 1.2 from Gate Canyon transitional interval; tannish grey calcareous 
siltstone. H) Facies 1.3 from Gate Canyon Horse Bench; tabular sandstone bodies 
representative of shoreface deposits. I) Facies 1.3 from Gate Canyon Horse Bench; 






Facies 1.1 consists of fine to medium grained, strongly channelized sandstone 
bodies that are laterally discontinuous (Table 1, Figure 7a-d). Lateral accretion sets, 
trough cross stratification, rip-up clasts, and fish debris are common towards the base of 
these channel bodies and generally grade into current ripples and climbing ripples 
towards the top of the channel bodies. Soft sediment deformation and planar parallel 
laminations can be found throughout. Channel bodies range from 1 to 5 m thick and are 
typically multistoried, with lateral amalgamation and some vertical amalgamation. The 
channel bodies are erosionally based and can be found to erode into one another, with 
story thicknesses ranging from 5 to 10 m. The multistoried channel bodies are overlain by 
interbedded current and wave rippled sandstone and siltstone.
Facies 1.1 is interpreted as terminal distributary channels with subaqueous 
erosion, as evidenced by the lack of floodplain paleosols and desiccation features above 
or below these channel bodies (Olariu and Bhattacharya, 2006; Tanavsuu-Milkeviciene 
and Sarg, 2012). Climbing ripples and soft sediment deformation indicate high sediment 
supply and rapid deposition, respectively, whereas basal channel rip-up clasts indicate 
rapid flow. The erosional and narrow characteristics of these terminal distributary 
channels suggest that they were being deposited along a steep gradient, where flow into 
the lake was rapid enough to allow for continued channelization (Wright, 1977; Olariu 
and Bhattacharya, 2006). These channel bodies are interpreted to have formed in the 
proximal delta front area, based on the coarse grain sizes relative to other sandstone 
facies within the succession. The laterally extensive, current and wave ripple dominated 
siltstone and sandstone beds encasing these channelized sandstone bodies are
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characteristic of fluvial mouthbar deposits (F1.2) (Edmonds and Slingerland, 2007; 
Schomacker et al., 2010; Moore et al., 2012; Rosenberg, 2013; Rosenberg et al., in press) 
(Figure 8). The presence of fish scales indicates fresh to brackish waters, where fish were 
able to thrive. This facies is typically found in the transitional interval of the central 
portion of the basin and paleocurrent measurements from the channels indicate dominant 
flow direction to the north-northwest with sediment derived from the south. This facies is 
also found in the R8 interval in the western portion of the basin, where paleocurrents are 
towards the north-northeast.
Facies 1.2 (F1.2)
Facies 1.2 is composed of laterally extensive, interbedded greenish grey, 
calcareous siltstone and claystone and very fine sandstone deposits (Table 1, Figure 7e- 
g). The major sedimentary structures include planar parallel laminations, current ripples 
with occasional wave modification, climbing ripples, low angle laminations, soft 
sediment deformation, minor burrows, and syneresis cracks. These packages tend to be 
tabular or vertically gradational and range from 1 to 5 m thick, with sandstone beds 
ranging in thickness from a few centimeters to 2 m. This facies is also represented in the 
Henderson 3 core and thin sections, which show normal grading, erosional contacts, well 
to moderate sorting, and ostracod debris that are not observed in outcrop alone (Figure 9).
This facies is interpreted as deposited in the lower littoral to sublittoral realm and 
represents classic fluvial mouthbar packages that were deposited basinward from F1.1 
(Figure 6). The thicker, sharp-based sandstone packages represent proximal fluvial 
mouthbars deposited in the lower littoral realm (Wright, 1977; Edmonds and Slingerland,
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Figure 8 -  Relationship between terminal distributary channels (F1.1) and fluvial 
mouthbar deposits (F1.2); A) Close up of a terminal distributary channel scouring into 
the lower mouthbar deposits; B) Large-scale relationship between terminal distributary 
channels and the surrounding mouthbar deposits (example from L5 zone).
30
31
Figure 9 -  Core photo and thin sections of F1.2 from the Henderson 3 core. A) Core 
photo of the S2 sandstone showing a normally graded turbidite sequence that contains 
characteristic parallel laminated (PPL), fine sandstone that transitions upwards to 
ripple laminated, very fine sandstone overlain by parallel laminated siltstone. B) Very 
fine sandstone to siltstone from the S2 sandstone (cross polarized light, thin section 1). 
C) Sharp, erosional boundary between mudstone and siltstone from the S2 sandstone 
(cross polarized light, thin section 2); representative of boundary between two 
turbidite packages. D) Fine sandstone with ostracod debris from the S1 sandstone 
(cross polarized light, thin section 10).
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2007; Schomacker et al., 2010; Moore et al., 2012). These low angle laminated sandstone 
packages range from 1-2 m and are interpreted as proximal delta front packages that are 
deposited when a flow with a high sediment load meets a large standing body of water. 
They display soft sediment deformation and climbing ripples, indicative of fast 
deposition and high sediment supply. The sharp base and lack of subaerial exposure 
represents subaqueous erosion from the channelized flow entering the lake (Tanavsuu- 
Milkeviciene and Sarg, 2012).
The finer grained, gradational packages represent turbidite packages deposited 
basinward from the mouthbar packages, in the sublittoral realm (Rosenberg, 2013; 
Rosenberg et al., in press) (Figure 6). The turbidites were deposited via hyperpycnal 
flows, which hug the bottom when a high density, sediment laden flow enters a low 
density standing body of water. Evidence for turbidites is illustrated in the Henderson 3 
core, where thin deposits of siltstones and very fine sandstones with normal grading and 
sharp, erosional contacts are observed (Osleger et al., 2009) (Figure 9a, c). These 
sandstones and siltstones are vertically associated with thinly laminated siltstones and 
carbonate mudstones, which are thought to be derived from sediment fallout (Moore et 
al., 2012). The presence of syneresis cracks in these sublittoral gradational packages 
indicates rapid salinity fluctuations during deposition of the fine grained deposits (Pratt, 
1998) (Figure 7f). During deposition, swelling clays contract in response to salinity 
changes, producing cracks that are then filled with siltstone (Plummer and Gostin, 1981). 
Facies 1.2 is mainly documented in the transitional interval and the R8 interval of the 
central portion of the basin and the R8 interval of the western portion of the basin. It is 
also observed in S1 and S2 sandstones in the Henderson 3 core, where the units were
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deposited basinward from the outcrops.
Facies 1.3 (F1.3)
Facies 1.3 consists of laterally continuous, very fine to medium grained, tabular 
sandstone bodies with planar parallel laminations, low angle laminations, wave ripples, 
and minor burrowing throughout (Table 1, Figure 7h-j). Shell debris and carbonate 
grains are found within these sandstone bodies. The sandstone bodies range in thickness 
from 50 cm to 3 m and are tabular and wavy bedded with flaggy weathering. Sandstone 
beds are sharp based and interbedded with planar parallel laminated siltstone beds. 
Internally, packages coarsen upwards. Paleocurrent measurements indicate flow direction 
to the north-northeast with sediment derived from the south.
Facies 1.3 records wave ripple dominated, siliciclastic shoreface deposits along 
the lake margin. Wavy laminations and symmetrical ripples are indicative of wave action 
(Allen, 1981; Pietras and Carroll, 2006) (Figure 7i). The lack of hummocky cross 
stratification suggests that the lake level was too shallow along the margin to allow 
hummocks to form (Eyles and Clark, 1986). Shell debris and carbonate grains represent 
deposition in a high energy environment and the coarsening upwards trends indicate 
overall shallowing (Renaut and Gierlowski-Kordesch, 2010). These shoreface deposits 
are significantly different than those of typical marine shoreface sequences. The 
sandstone beds are poorly developed and are interbedded with mudstones and siltstones, 
which indicate shallow waters and low relief typical along a lake margin (Bohacs et al., 
2000) (Figure 7h). The primary transport method is thought to be long shore drift, but 
could also be interpreted as a wave dominated delta. However, this distinction is difficult
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to make in the rock record (Keighley, 2008; Tanavsuu-Milkeviciene and Sarg, 2012). The 
lack of asymmetrical ripples and channel deposits in lateral association with this facies 
suggests a shoreface rather than a wave dominated delta deposit. Again, the lack o f  fish 
debris in this area could suggest that there is no fresh water input, thus confirming that 
this area is dominated by long shore drift. This facies is found in the R8 interval in the 
central portion o f  the basin.
F1 Interpretation
Facies Association 1 is composed of siliciclastic dominated packages deposited in 
a littoral to sublittoral environment via fluvial (F1.1 and F1.2) and shoreface (F1.3) 
processes. The characteristics o f  these deposits, including strong channelization, 
subaqueous erosion, sandy mouthbar deposits, and turbidite packages, support the 
interpretation of a lake margin with a relatively steep depositional gradient (Figure 6). 
These facies are predominantly found in the central portion o f  the basin, but can also be 
found in the western R8 interval.
Facies Association 2: Shallow gradient, littoral 
to sublittoral siliciclastic deposits
Facies Association 2 (F2) is found in the transitional interval of the western 
portion o f the basin and consists o f  weakly channelized sandstone bodies, heterolithic 
channels, green calcareous siltstone, and paleosol deposits (Figures 6 and 10). Facies 
Association 2 is laterally related to F1.
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Figure 10 -  Facies Association 2: Shallow gradient, littoral to sublittoral siliciclastic 
deposits. A) Facies 2.1 from Willow Creek/Indian Canyon transitional interval; 
weakly channelized sandstone body overlying red/green paleosol deposits. B) Facies 
2.1 from Willow Creek/Indian Canyon transitional interval; low angle laminations 
with fish debris. C) Facies 2.1 from Willow Creek/Indian Canyon transitional interval; 
soft sediment deformation (SSD). D) Facies 2.2 from Willow Creek/Indian Canyon 
transitional interval; heterolithic channel deposits with internal accretion sets 
highlighted in yellow. E) Facies 2.2 from Willow Creek/Indian Canyon transitional 
interval; heterolithic channel fill deposit with basal channel scour highlighted in 
yellow. F) Facies 2.3 from Willow Creek/Indian Canyon transitional interval; green 
calcareous siltstone with purple mottling. G) Facies 2.3 from Willow Creek/Indian 
Canyon transitional interval; calcareous siltstone with vertical burrows. H) Facies 2.4 





Facies 2.1 is composed of laterally discontinuous, very fine to fine grained, 
weakly channelized sandstone bodies (Table 1, Figure 10a-c). These channel bodies are 
dominated by low angle laminations, minor downstream accretion sets, and minor trough 
cross stratification towards the base with plant debris, some rip-up clasts, and very minor 
fish debris. Current ripples, climbing ripples, planar parallel laminations, and wavy 
laminations can be observed towards the top of these channel bodies. Channel bodies 
range from 1 to 3 m and are typically single-storied. These channel bodies can be 
lenticular or tabular and are more sheet-like than F1.1. Paleocurrent data suggest a 
dominant north-northeast flow direction. The channels are overlain by greenish 
mudstones and siltstones that commonly display evidence of subaerial exposure.
Facies 2.1 is interpreted as fluvial distributary channel packages that are 
deposited along a very shallow gradient. The shallow gradient discouraged rapid flow 
across the substrate, limiting erosion into the substrate, and encouraged more sheet-like 
deposition with poorly-confined flows (Edmonds and Slingerland, 2007; Maestro, 2008). 
Climbing ripples and soft sediment deformation are indicative of high sediment supply 
and rapid deposition, similar to F1.1. The interbedded mudstones and siltstones with 
some evidence of subaerial exposure (F2.3) suggest that these packages were deposited 
along a shallow lake margin where surrounding deposits include lake flat and lagoonal 
type mudstones (Keighley et al., 2002; Keighley et al., 2003). The scarce amount of fish 
scales related to this facies may possibly indicate high salinities due to low freshwater 
input. Paleocurrent data suggest a sediment source from the south and flow to the north, 
similar to F1.1. This facies is found in the transitional interval of the western portion of
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the basin.
F1.1 and F2.1 are both considered terminal distributary channels and yet they 
represent two depositional styles that are controlled by lake margin slope (gradient) and 
lake depth. These two facies are not only different in terms of their internal structures and 
characteristics, but also in terms of their surrounding deposits. F1.1 is typically overlain 
by current dominated siltstones and mudstones (F1.2) whereas F2.1 is overlain by 
mottled, green, calcareous siltstone and mudstone (F2.3) with some evidence of subaerial 
exposure. F1.1 is considered to be deposited in an open lake margin setting where 
subaerial exposure is not evident. The lake margin slope, or gradient, was relatively 
steep, which allowed for erosion into the underlying substrate and confined flow, 
resulting in distinct, channelized sandstone body lenses (Figure 11a). F2.1 is interpreted 
as deposited along a lake margin with a shallow gradient, based on the lack of erosion 
into the underlying sediments, hence discouraging confined flow and depositing sheet­
like sandstone bodies (Figure 11b).
Facies 2.2 (F2.2)
Facies 2.2 consists of laterally discontinuous, channelized interbedded muddy 
siltstone and very fine sandstone deposits (Table 1, Figure 10d, e). Sedimentary 
structures are scarce in the sandstone beds but where present include current ripples, low 
angle laminations, and soft sediment deformation. The channelized heterolithic bodies 
range from 1 to 2 m thick and are single-storied with minor basal erosion. Interbed 
thicknesses within the heterolithic channel fills range from 5 to 20 cm. Some channel 
forms are filled with dominantly sandstone or dominantly mudstone (Figure 10d, e). Fine
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Figure 11 -  Paleodepositional model comparing the two distributary channel styles in 
the transitional interval; A) The steep gradient encourages rapid flow and 
erosion/confinement into the substrate, producing channelized sandstone lenses of 
F1.1; B) The shallow gradient discourages rapid flow and erosion, therefore 
producing weakly channelized sandstone bodies of F2.1.
41
grained deposits overlying and underlying these channelized bodies tend to display 
subaerial exposure. Dominant paleocurrent data indicate flow was to the north-northeast.
Facies 2.2 records heterolithic channels that are interpreted as littoral lake flat 
channels. These channels are typically laterally related to the weakly channelized 
distributary channels of F2.1 as well as the paleosols of F2.4 (Figure 6). These isolated, 
heterolithic channels represent deposition away from the main channel belt of F2.1. The 
sandstone dominated lenses represent higher energy channels with major sediment 
deposition within the channel body (Ryder et al., 1976). The mudstone dominated lenses 
represent abandonment and fill with lake flat mudstones (Figure 10d, e). These channels 
are primarily found in the transitional interval of the western portion of the basin.
Facies 2.3 (F2.3)
Facies 2.3 consists of green calcareous siltstone that is commonly interbedded 
with greenish purple mudstone (Table 1, Figure 10f, g). These deposits are dominantly 
massive and mottled but can also have planar parallel laminations, current ripples, and 
minor burrowing. Bed thicknesses range from 1 to 8 m and are tabular with flaggy 
weathering.
Facies 2.3 is interpreted as lake flat deposits that are found along the lake 
margin and lagoonal environments. The green color, as opposed to a grey or brown color 
indicative of organic matter, is interpreted to result from a shallow lake level which 
allowed for the destruction of primary organic matter by bacteria and bottom feeders 
(Picard, 1955). The mottled texture is a result of periodic subaerial exposure and 
pedogenic modification (Eugster and Hardie, 1975; Keighley et al., 2002). This facies is
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found only in the transitional interval in the western portion of the basin. This facies is 
laterally associated with F2.1, F2.2, and F2.4 (Figure 12).
Facies 2.4 (F2.4)
Facies 2.4 is composed of green and purple mudstone with minor siltstone beds. 
Beds are mottled and contain slicks, both of which are evidence of pedogenesis. In some 
cases, blocky peds are evident. Current ripples are present within the siltstone beds 
(Table 1, Figure 10h).
Facies 2.4 is interpreted as poorly developed floodplain paleosols, similar to those 
observed in the study by Keighley et al. (2003). These paleosols contain current rippled 
siltstones that are indicative of overbank deposits from the related distributary channels 
of F2.1. This facies is laterally and vertically related to F2.1, F2.2, and F3.3, and is found 
in the transitional interval of the western portion of the basin.
F2 Interpretation
The four facies that comprise F2 were deposited in the littoral to sublittoral zone 
along fluvial and shallow lake flat environments. The abundance of fine grained material 
and weak channelization support the interpretation of a low siliciclastic sediment supply, 
shallow depositional gradient environment. Coarse, weakly channelized sediment 
occasionally reached this part of the system, but it is mainly dominated by mudstones and 
siltstones representative of lake margin mudflats. The weakly channelized sandstones 
could be related to a much larger system and could possibly represent distal, crevasse 
splay deposits. Major flooding events, similar to those seen in the Burdekin River in
Figure 12 -  Relationship of sheet-like terminal distributary channels (F2.1) and green, calcareous lake flat deposits (F2.3).
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Australia during flashy, monsoonal events, could trigger fluvial discharge events that 
carry large volumes of sediment to the more distal part of the deltaic system (Fielding et 
al., 2005).
Facies Association 3 (F3): Low siliciclastic sediment supply, 
littoral to sublittoral carbonate deposits
Facies Association 3 (F3) includes microbialites, coarse grained carbonates, and 
organic-poor carbonate mudstones, all of which are associated with littoral and sublittoral 
lake environments (Figures 6 and 13). This facies association can be found throughout 
the middle to upper Green River Formation.
Facies 3.1 (F3.1)
Facies 3.1 is characterized by microbialite beds that display either stromatolitic or 
stromatolitic-thrombolitic textures (Table 1, Figure 13a-c). Microbialite beds typically 
overlie carbonate mudstone, grainstone, and wackestone beds and may contain fish 
debris. Bed thicknesses range from 10 to 50 cm with wavy to tabular bedding. As 
compared to the microbialite beds observed elsewhere in the Uinta Basin (e.g., east of 
this field area), those present in the study area are thin. Many of the stromatolites have 
well-defined domes (or heads) that indicate formation within the photic zone (Williamson 
and Picard, 1974). Dome size ranges from a few cm to 10 cm. The thrombolites observed 
are typically thin and underlie the stromatolite packages. Microbialites are largely found 
in the central portion of the basin at Gate Canyon in the Transition Interval and are 
mostly absent from the same interval at Willow Creek/Indian Canyon in the west.
Facies 3.1 is interpreted as being deposited in a high energy, littoral setting
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Figure 13 -  Facies Association 3: low siliciclastic sediment supply, littoral to 
sublittoral carbonate deposits. A) F3.1 from Gate Canyon transitional interval; 
thrombolitic to stromatolitic texture. B) F3.1 from Gate Canyon transitional interval; 
stromatolite head overlying carbonate mudstone. C) F3.1 from Willow Creek/Indian 
Canyon transitional interval; thin carbonate bed with a fine-scale stromatolitic texture 
characteristic of the microbialites in the western region. D) F3.2 from Gate Canyon 
transitional interval; amalgamated, massive ostracodal grainstone beds. E) F3.2 from 
Gate Canyon transitional interval; thin, tabular ostracodal (small brownish red round 
grains) grainstone beds with interbedded organic-poor carbonate mudstone. F) F3.2 
from Gate Canyon transitional interval; thin ostracodal grainstone bed overlying 
organic-poor carbonate mudstone; burrows present at the base of the bed. G) F3.3 
from Willow Creek/Indian Canyon transitional interval; massive organic-poor 
carbonate mudstone bed overlain and underlain by calcareous green siltstone of F2.2.
H) F3.3 from Willow Creek/Indian Canyon transitional interval; close up of 
amalgamated, massive, white, organic-poor carbonate mudstone beds.
46
dominated by carbonate deposition (Feldmann and McKenzie, 1998). This facies is 
indicative of a carbonate ramp environment, where algal mat construction and sediment 
trapping was promoted. Towards the central part of the basin, stromatolite and 
thrombolite complexes are well defined and relatively thick (20 to 50 cm), with 
thrombolites representing slightly deeper water and the overlying stromatolites 
representing slight shallowing events (Feldmann and McKenzie, 1998). Because this area 
has a scarce amount of microbialites as compared to other parts of this lacustrine system, 
it may suggest the gradient on the front of the axis of the delta system was too high, 
resulting in unstable substrates and discouraging abundant microbialite buildup (Renaut 
and Gierlowski- Kordesch, 2010; Rosenberg, 2013; Rosenberg et al., in press). Towards 
the west, microbialite sequences are very thin (10 to 20 cm) and are less abundant. The 
lack of thrombolitic textures in this area suggests very shallow water. In both areas, the 
microbialites are not laterally extensive. Modern microbialite formation and preservation 
has been demonstrated to be salinity and energy sensitive (Dupraz and Visscher, 2005). A 
modern study of the Great Salt Lake shows that in the south arm of the lake, where 
salinity is roughly 16%, there is limited competition and stromatolites are able to form 
(Baskin et al., 2012). In the north arm of the lake, the salinity is near saturation (~26%) 
and stromatolites are not able to survive (Baskin et al., 2012). Similarly, the western 
portion of the Uinta Basin could possibly have a higher salinity because of lower fresh 
water input. However, the salinity of Lake Uinta during Green River deposition is not 
known, therefore further investigation is required to fully understand the implications of 




Facies 3.2 is composed of grainstone and wackestone that are massive or planar 
parallel to wavy laminated. Beds also display minor current and wave ripples, minor 
burrows, and minor low angle laminations. These coarse grained carbonates are 
composed of a variety of grains that include carbonate mudstone rip-up clasts, ostracod 
debris, and fish debris. Bed thicknesses range from 10 cm to 2 m and are typically tabular 
to wavy. The ostracodal grainstones are easily observed in outcrop (Table 1, Figure 13 d, 
e, f) whereas the wackestone are more accurately described in thin sections from the 
Henderson 3 core (Figure 14). Wackestone grains found in thin sections that were not 
observed in outcrop include ooids, stromatolite debris, marcasite, and algal pellets. Thin 
sections also display siliciclastic lenses, some organic material, small dewatering 
structures, erosional contacts, moderate sorting, and subangular to subrounded grains.
This facies is interpreted as deposited in a littoral to lower littoral zone along high 
energy carbonate ramp settings (Renaut and Gierlowski-Kordesch, 2010). The ostracodal 
grainstones are more littoral and represent shoaling environments, where ostracods are 
reworked along an open lake margin ramp by energetic wave action (Picard and High, 
1972; Tucker and Wright, 2009). The wackestones are lower energy deposits that contain 
abundant transported grains, such as the ostracod and stromatolite debris (Tucker and 
Wright, 2009). The presence of siliciclastics suggests a nearby fluvial-deltaic influence. 
Facies 3.2 is found primarily in the transitional interval in the central region of the basin. 
Thin but rare beds of facies 3.2 are found in the western region of the basin, suggesting 
that this area of the lake was very low energy where wave energy was dissipated.
49
Figure 14 -  Core photos and thin sections of F3.2 from the Henderson 3 core. A) Core 
photo from the upper R6; wackestone; transported carbonate mudstone clasts encased 
in organic-poor carbonate mudstone. B) Core photo from the upper R6; wackestone; 
carbonate mudstone rip-up clasts displaying erosion into the underlying organic-rich 
mudstone. C) Intraclastic wackestone from the upper R6 (plain light, thin section 16); 
stromatolite debris and ostracod debris in a carbonate mudstone matrix. D) 
Wackestone from the upper R6 (plain light, thin section 13); ostracod debris in a 
carbonate mudstone matrix with algal pellets throughout. E) Wackestone from the 
upper R6 (plain light, thin section 13); carbonate mudstone intraclasts. F) Intraclastic 





Facies 3.3 consists of organic-poor carbonate mudstone that is massive or planar 
and wavy laminated (Table 1, Figure 13g, h). Rhythmites are common. Other notable 
characteristics include carbonate rip-up clasts or intraclasts, dewatering structures, 
siltstone interbeds, disseminated dolomite, marcasite, and algal pellets, all of which are 
best observed in core and thin sections (Figure 15). Bed thicknesses range from 
20 cm to 2 m and can be tabular or wavy, with flaggy weathering in outcrop. This facies 
is observed throughout the stratigraphy of the study interval and in both the central and 
western areas of the basin. However, this facies occurs as a result of a variety of 
drastically different conditions and so context using surrounding deposits is necessary in 
order to better understand the depositional environments of this facies. F3.3 is observed 
in the transitional interval in Gate Canyon and is typically associated with overlying 
microbialites (F3.1) and coarse grained carbonate (F3.2) beds. Conversely, in the 
transitional interval in Willow Creek/Indian Canyon, F3.3 is typically associated with 
overlying and underlying calcareous green siltstone (F2.3).
F3.3 is interpreted as deposited in a sublittoral carbonate ramp setting in the 
central portion of the basin (Gate Canyon) and littoral lake flat settings in the western 
portion of the basin (Willow Creek/ Indian Canyon). In the carbonate ramp setting, the 
carbonate mudstone is deposited in a low energy setting where organic matter is lacking 
due to low productivity, dilution, or low preservation (Renaut and Gierlowski-Kordesch, 
2010; Rosenberg, 2013; Rosenberg et al., in press). In the lake flat setting, slight rises in 
lake level allowed for deposition of organic-poor carbonate mudstone beds whereas low 
energy discouraged deposition of coarse grained carbonates (F3.2) and microbialites
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Figure 15 -  Core photos and thin sections of F3.3 from the Henderson 3 core. A) Core 
photo from the upper R6; organic-poor carbonate mudstone with carbonate intraclasts 
and small dewatering structures; planar to wavy laminations. B) Core photo from the 
upper R6; organic-poor carbonate mudstone with black marcasite (black specks) 
throughout; planar parallel laminations. C) Core photo from the upper R6; organic- 
poor carbonate mudstone interbedded with organic-rich carbonate mudstone (F?); 
example of rhythmites. D) Organic-poor carbonate mudstone from the upper R6 (plain 
light, thin section 12); mottled green and black with some minor quartz grains. E) 
Organic-poor carbonate mudstone with marcasite crystals (black radial crystals) from 
the upper R6 (plain light, thin section 15). F) Green, dolomitized (multicolored 
crystals throughout thin section), organic-poor carbonate mudstone from Mahogany 
zone (cross polarized light, thin section 4). G) Organic-poor carbonate mudstone with 
wavy laminations and dewatering structures from Mahogany zone (plain light, thin 




(F3.1). This organic-poor carbonate mudstone is recognized in multiple studies that 
define it as palustrine carbonates that are typically deposited along lakes with low 
gradients and low energy margins (Brand, 2002; Alonso-Zarza, 2003; Tucker and Wright, 
2009). The presence of siltstone throughout this facies in the western region indicates 
proximity to source, supporting the interpretation that F3.3 was deposited fairly close to 
the lake margin (Picard and High, 1972). Marginal carbonate mudstone units lack any 
organic matter, suggesting they were deposited in an arid environment (Alonso-Zarza,
2003). In both the sublittoral carbonate ramp and the littoral lake flat settings, energy is 
very low and siliciclastic sediment supply is limited.
F3 Interpretation
Facies Association 3 contains three facies that are carbonate dominated and 
considered to be deposited in the littoral and sublittoral realm. These facies are observed 
throughout the Green River Formation and indicate periods when carbonate deposition 
outpaced siliciclastic deposition rates (Figure 6). Carbonate deposition occurs when the 
lake waters become super saturated with calcium carbonate and precipitation occurs 
(Tucker and Wright, 2009; Renaut and Gierlowski-Kordesch, 2010). A hinterland source 
of carbonates for weathering and fluvial transport of ions into the lake is a prerequisite 
for lake carbonate precipitation (Gierlowski-Kordesch, 1998; Alonso-Zarza, 2003;
Renaut and Gierlowski-Kordesch, 2010). In Lake Uinta, carbonate deposition was 
ongoing. Older limestone units were likely abundant in surrounding uplifts (e.g., late 
Paleozoic limestones, Triassic Sinbad Limestone, and Jurassic Twin Creek Limestone). 
Alluvial systems provided a sustained calcium carbonate ion supply to the lake. At times,
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siliciclastic sediment supply overwhelmed the rate of carbonate deposition. Therefore, 
carbonate deposition represents either regional or local hiatuses in siliciclastic sediment 
deposition.
Facies Association 4 (F4): Siliciclastic sediment 
starved, profundal lake deposits
Facies Association 4 consists of one facies, the organic-rich carbonate mudstone 
(F4.1), colloquially referred to as “oil shale” (Table 1, Figures 6 and 16). Characteristics 
of this facies include massive to planar or wavy laminations, soft sediment deformation, 
minor saline mineral precipitation, marcasite mineralization, precipitated carbonate 
nodules, disseminated dolomite, and lenses of organic matter. Most of these detailed 
characteristics are only observable in thin section and core. Outcrop units typically 
weather white and form ledges, with thicknesses ranging from 20 cm to 2 m. F4.1 is 
found in the Mahogany zone and R8 intervals in both the central and western portions of 
the basin.
Facies 4.1 is interpreted as deposited along a carbonate ramp setting in the 
profundal lake zone basinward from F1, F2, and F3 (Ryder et al., 1976; Kelts, 1988; 
Tanavsuu-Milkeviciene and Sarg, 2012). Lack of siliciclastics within this facies suggests 
that it was deposited away from the lake margin in a relatively deep, open lake 
environment. The organic richness of the carbonate mudstone is indicative of an anoxic 
environment, enhanced by density stratification of the lake, where bacteria and other 
organisms that degrade the organic matter were not able to survive and thus allowed for 
the preservation of organic matter. The presence of limited occurrences of saline crystals 
(Figure 16d) within the profundal facies but not within the adjacent sublittoral and littoral
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Figure 16 -  Facies Association 4: siliciclastic sediment starved, profundal lake 
deposits. A) F4.1 from Willow Creek/Indian Canyon Mahogany zone; outcrop 
exposure showing dark beds of organic-rich carbonate mudstone (oil shale). B) F4.1 
from Gate Canyon Mahogany zone; outcrop photo showing organic-rich carbonate 
mudstone weathered to white; flakey. C) Core photo from the Mahogany zone in 
Henderson 3 core; organic-rich carbonate mudstone with small rhythmic interbeds o f 
organic-poor carbonate mudstone. D) Core photo from the Mahogany zone in 
Henderson 3 core; organic-rich carbonate mudstone with saline crystals (white small 
disseminated blebs). E) Organic-rich carbonate mudstone with precipitated carbonate 
grains from the Mahogany zone (cross polarized light, thin section 6). F) Organic-rich 
carbonate mudstone with disseminated dolomite crystals from the Mahogany zone 
(cross polarized light, thin section 7). G) Organic-rich carbonate mudstone with 
marcasite from Mahogany zone (cross polarized light, thin section 9). H) Organic-rich 
carbonate mudstone with possible saline crystals throughout from Mahogany zone 
(cross polarized light, thin section 9).
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facies further indicates density stratification of the lake waters and oversaturation of 
salines, allowing for precipitation to occur at the sediment-water interface or in deeper 
stratified lake waters (Tanavsuu-Milkeviciene and Sarg, 2012). The stratigraphic and 
geographic distribution of saline crystals provides insight to the duration (episodic versus 
long-lived) and extent (geographically limited or basin-wide) of water column density 
stratification.
Facies Association 5 (F5): Saline deposits 
Facies Association 5 includes the saline deposits (F5.1) found in the Mahogany 
zone in the Henderson 3 core, as well as in the saline facies within the Half Moon 
Canyon core. These salines are observed in a variety of forms, including voids (mm to 
cm sized), crystals (mm sized), laminated layers or beds (mm to cm thick), and vertical to 
subvertical fracture fills (Table 1, Figure 17). They are thought to be composed of 
nahcolite and shortite, which are the characteristic saline crystals found in the Green 
River Formation, and are only observed in core and thin section.
Facies 5.1 is commonly associated with organic-rich carbonate mudstone, and by 
association is interpreted as also deposited in the profundal lake zone, where the lake 
waters can be supersaturated with ions as a result of density water column stratification 
(Schubel and Lowenstein, 1997; Tanavsuu-Milkeviciene and Sarg, 2012).
Facies Association 6 (F6): Volcanic deposits 
Facies Association 6 contains the volcanic deposits (F6.1) that are observed 
throughout the Green River Formation, most commonly in the R8 Interval. Facies 6.1
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Figure 17 -  Facies Association 5: Saline deposits; core photos from the saline facies in 
the Half Moon Canyon Core. A) Small voids with saline crystals within; encased in 
organic-poor carbonate mudstone. B) Large voids with saline crystals within; encased 
in moderately organic-rich carbonate mudstone. C) Randomly dispersed saline crystals 
in moderately organic-rich carbonate mudstone. D) Large, dispersed saline crystals in 
moderately organic-rich carbonate mudstone. E) Planar parallel laminated saline 




consists of volcanic ash with soft sediment deformation (tuff) (Table 1, Figure 18).
Colors are typically grey, orange, and red with thicknesses ranging from 5 to 30 cm. Bed 
geometries are wavy to tabular.
The tuffs present in the Green River Formation most likely originate from the 
Absaroka Volcanic province (Smith et al., 2008). Where the tuffs are massive, they are 
thought to be ash fall deposits. Commonly, tuffs have internal features, such as wavy 
laminations and soft sediment deformation, and so they may be somewhat reworked by 
lake processes. Two significant tuffs in the Green River Formation are the Curly and the 
Wavy tuffs, which can be confidently identified throughout the eastern Uinta Basin. The 
Curly Tuff lies towards the base of the Mahogany zone and the Wavy Tuff lies in the 
lower R8 zone above the S2 sandstone (Desborough, 1978; Cashion, 1995) (Appendix 
B). Samples of these volcanic beds from Nine Mile Canyon have been dated using 
40Ar/39Ar methods and constrain the ages at 49.3 Ma and 48.7 Ma, respectively (Smith et 
al., 2008; Smith et al., 2010).
Stratigraphic Units and Associated Facies Architecture
Three major stratigraphic intervals occur in the study area and are informally 
referred to as the transitional interval, the Mahogany interval, and the R8 interval. 
Thirteen stratigraphic units were identified and correlated within these intervals that 
record a variety of lake conditions, both laterally and vertically (Figure 19 and 20). These 
units are described in numerous other studies, and the specific nomenclature used for this 
work is based on Remy (1992) for the transitional interval through the Horse Bench 
(assigned in 9 Mile Canyon) and Weiss et al. (1990) for the saline facies. The
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Figure 18 -  Facies Association 6: Volcanic deposits. A) Outcrop photo from the R8 in 
Gate Canyon; thin, tabular, grey tuff. B) Outcrop photo from the R8 in Willow 
Creek/Indian Canyon; tabular, wavy tuff with diagenetic red iron band in center. C) 
Core photo from the Mahogany interval of the Henderson 3 core; thin, tabular, grey 
tuff. D) Core photo from the Mahogany interval of the Henderson 3 core; reworked 
tuff overlying and underlying organic-rich carbonate mudstone. E) Core photo from 
the Mahogany interval of the Henderson 3 core; reworked tuff. F) Core photo of the 




Figure 19 -  Cross section of identified stratigraphic units present in the Willow 
Creek/Indian Canyon and Gate Canyon outcrops.
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Figure 20 -  Cross section of identified stratigraphic units present in the Willow 
Creek/Indian Canyon and Gate Canyon outcrops and the Half Moon Canyon (HMC) 
and Henderson 3 (H3) cores.
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stratigraphic units identified vary in terms of the siliciclastic versus carbonate ratio and 
the abundance of organic content within the carbonate dominated units. Further outcrop 
correlations were made using the facies defined in the previous section in order to 
observe spatial and temporal changes across the study area (Figures 21, 22, 23, and 24). 
By interpreting the distinct changes in facies architecture within each of the major 
intervals (transitional, Mahogany, and R8), observations can be made about the 
depositional settings and overall lake evolution. Table 2 further compares the thicknesses 
and facies observed within each stratigraphic unit in the outcrop sections.
The transitional interval of the Green River Formation is by far the most 
heterogeneous interval and contains the most diverse facies observed throughout the 
study (Figure 21, Table 2). The interval consists of alternating successions of carbonate 
packages (C) and siliciclastic packages (Si.), from C1 to C4 (Figure 19). The overall 
stratigraphic thickness of the transitional interval is relatively constant; 215 m thick in the 
central region and the 200 m thick in the western region. Internal thicknesses of the 7 
carbonate (C) and siliciclastic (Si.) packages within the transitional interval are also fairly 
consistent, with minor thinning towards the west within the carbonate packages (C). The 
most important observation is the transition from abundant coarse grained sandstone and 
coarse grained carbonate deposits in the central study area to fine grained sandstone and 
carbonate deposits in the western study area.
The Mahogany interval overlies the transitional interval and contains the S1 
through the S2 sandstones which encompass the Mahogany zone (R7) (Figures 19 and 
20). Traditionally, the S1 sandstone is grouped into the lower transitional interval (Remy, 
1992) but for the purposes of this study, it was placed in the Mahogany interval due to its
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Figure 21 -  Lithostratigraphic cross section of the Willow Creek/Indian Canyon and 
Gate Canyon outcrops spanning the C1-C4.
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Figure 22 -  Lithostratigraphic cross section of the Willow Creek/Indian Canyon and 

















Figure 23 -  Gate Canyon outcrop photopans; A) Gate Canyon transitional interval 
(note highlighted channel bodies); B) upper Gate Canyon R8 interval; C) lower Gate 
Canyon Mahogany interval.
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Figure 24 -  Willow Creek/Indian Canyon outcrop photopans; A) Road Outcrop 1 - 
transitional interval from C1-Si.2; B) Road Outcrop 2 - transitional interval from C3 
to C4; C) Road Outcrop 3 -  C4-S1 Sandstone; D) Road Outcrop 4 - Mahogany zone; 
E) Road Outcrop 5 - R8; F) Outcrop 6 - R8 interval.
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Table 2 -  Summary of stratigraphic units and associated facies.
Interval Stratigraphic
Unit





C4 58 m F2.2, F2.3, 
F3.3, F3.1
59 m F l . l ,  F I.2, 
F3.3
Western region contains mainly carbonate mudstone and 
calcareous siltstone; central region contains channelized 
sandstone bodies with interbedded siltstone and 
sandstone and carbonate mudstone
Si.3 33 m F2.1, F2.2, 
F2.3, F2.4
35 m F l . l ,  F I .2, 
F3.1, F3.2
Minor siliciclastic input in west, dominantly 
calcareous siltstone and carbonate mudstone, minor 
channel bodies; abundant siliciclastic input in central 




C3 30 m (?) F2.3, F3.3, 
F3.1
25 m F3.1, F3.2, 
F3.3, F l .l
Largely covered in west, exposures suggest mainly 
calcareous siltstone and organic-poor carbonate 
mudstone; central region dominated by carbonate 
mudstone and coarse grained carbonate with minor 
channelized sandstone bodies
Si.2 17m F2.1, F2.2, 
F2.3, F2.4
17m F l . l ,  F I.2 Relatively muddy compared to other lean zones; 
west contains paleosols with heterolithic and weakly 
channelized sandstone bodies; central region contains 
mainly siltstone and interbedded sandstone
C2 32 m F3.3, F3.1, 
F2.3
44 m F3.1, F3.2, 
F3.3, F l . l ,  
F I.2
Thins towards west; west dominated by carbonate 
mudstone with some calcareous siltstone; two large 
channel bodies in central region underlain by 
coarse grained carbonate bodies
Si.l 13 m F2.1, F2.2, 
F2.4, F3.1
16 m F l . l ,  F I.2, 
F3.1
First lean zone in the transitional interval; paleosols 
and heterolithic channels in western region; strongly 
channelized sandstone bodies in the central region
C l 14 m F2.3, F2.4, 
F3.3
16 m F l . l ,  F1.2, 
F3.2
Lowermost rich zone in the transitional interval; 
contains the C marker bed; calcareous siltstone 
and carbonate mudstone in western region; strongly 
channelized sandstone bodies in central region
Table 2 - Continued
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45 m F I .3, F I.2, 
F3.3
Both regions coarsen upwards from turbidite deposits 
to sandstone bodies; sandstone in the western region is 
strongly channelized; sandstone in central portion is 
shoreface
64 m F3.3, F4.1, 
F I.2, F6.1
Thick unit with thinning towards the east; both regions 
contain abundant organic-rich carbonate mudstone 
deposits; organic-richness higher in the west
22 m F l . l ,  F1.2 Largely covered in west, exposures show weakly 
channelized sandstone body; in the central portion, 
sandstone is strongly channelized, similar to SI
29 m F3.3, F4.1, 
F I.2, F6.1
Both intervals contain organic-rich carbonate mudstones, 
slightly richer towards the central portion o f the basin; 
more organic-poor carbonate mudstone in west
14m F l . l ,  F1.2 Thins to west; channelized sandstone bodies transition 
from heterolithic with large accretion sets in the west to 





unique characteristics as compared to the other siliciclastic packages. The Mahogany 
interval thins slightly to the west from 65 m to 60 m. Internally, the S1 sandstone and the 
S2 sandstone thin towards the west and the Mahogany zone thins towards the east. The 
lithologies in both regions are somewhat similar, but the Mahogany interval in the central 
region contains a higher occurrence of profundal oil shale beds as compared to the 
western region (Figure 22, Table 2).
The Henderson 3 core, located basinward from Gate Canyon, spans the S1 
through the S2 sandstone (Figure 20). Fischer Assay and XRF data show a unique 
geochemical signature surrounding the interval known as the Mahogany oil shale bed, 
which is considered the richest oil shale bed within the Mahogany zone (Cashion, 1967; 
Rosenberg, 2013; Rosenberg et al., in press) (Figure 25). The Fischer Assay data shows a 
notably higher oil yield within this interval as compared to the rest of the stratigraphy. 
There is also an increase in heavy metals (e.g. titanium, iron, nickel, zinc, zirconium, 
manganese) which may be related to the anoxia interpreted during deposition of this bed 
(Birgenheier and VandenBerg, 2011). Crossplots of the XRF data show unique 
differences between the lean S1 and S2 sandstone bodies and the carbonate rich 
Mahogany zone (Figure 26), with the siliciclastic packages containing a higher 
abundance of quartz and clay and the carbonate packages containing a higher abundance 
of carbonate. The ternary plot diagram comparing variations in CaO, Al2O3, and SiO2 
further supports these major mineralogical differences (Rowe et al., 2012) (Figure 26).
The R8 interval spans the R8 through the Horse Bench Sandstone and thickens to 
the west from 110 m in the central region to 125 m in the western region (Figures 19 and 
20). Most of this westward thickening occurs in the R8 zone, which also contains more
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Figure 25 -  Fischer Assay data and XRF data from the Henderson 3 core highlighting 
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Figure 26 -  Scatter plots of XRF data from the Henderson 3 core; A-H) Scatter plots 
of XRF data from Henderson 3 core showing geochemical relationships between the 
carbonate packages (C4 and Mahogany) and siliciclastic packages (S1 and S2 
sandstones); I) Ternary plot diagram showing relative variations in CaO, Al2O3, and 
SiO2 that reflect mineralogical variations in the major stratigraphic units.
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profundal oil shale units in the west (Figure 22, Table 2). The Horse Bench Sandstone is 
roughly of equivalent thickness in both regions, but reflects significantly different 
depositional styles. In Gate Canyon, this sandstone is interpreted as a shoreface 
succession (F1.3). In Willow Creek/Indian Canyon, the sandstone is dominated by large 
distributary channels and mouthbar deposits, with paleocurrents towards the northeast 
(F1.1) (Figure 22, Table 2). Traditionally, the Horse Bench sandstone only refers to the 
sandstone body and not the lower siltstone beds, but for the purposes of this study the 
siltstone beds are included because of their genetic relationship with the overlying 
sandstone body
The Half Moon Canyon core, which is located to the northwest and basinward 
from Willow Creek/Indian Canyon, spans the R8 through the lower saline facies. XRF 
crossplots from this core highlight major differences between the saline facies and the 
lower R8 interval (Figure 27). The saline facies is geochemically similar to the rich R8 
zone, except for a higher concentration of strontium, sulfur, and sodium. Surprisingly, the 
Horse Bench Interval, although mostly sand and silt, behaves similarly to the carbonate 
rich R8 zone. Unlike the S1 and S2 sandstones, which were noticeably sandy, it appears 
that the siliciclastic input in this area of the basin did not heavily influence the 
geochemical signature.
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Figure 27 -  Scatter plots of XRF data from the Half Moon Canyon core; A-E) Scatter 
plots of XRF data from Half Moon Canyon core showing geochemical relationships 
between R8, Horse Bench, and saline facies; F) Ternary plot diagram showing relative 




The three main stratigraphic intervals of the middle and upper Green River 
Formation defined herein exhibit significant spatial and temporal changes across the 
central and western portions of the Uinta Basin that are controlled by the interplay of 
climate and tectonics. An understanding of these controls allows for the development of a 
model expressing long-term lake evolution using the major lake stages as defined by 
Carroll and Bohacs (1999) overlain with short-term climatic changes. Finally, the major 
stratigraphic intervals and facies are compared with modern lacustrine analogs.
The Transitional Interval 
Spatial Controls
The diverse facies present throughout the carbonate and siliciclastic packages in 
the transitional interval in both regions of the basin indicate depositional environments 
that were continuously exposed to different levels of energy (Figures 19 and 21, Tables 1 
and 2). The succession of facies found in the central portion of the basin support the idea 
of a steep, carbonate ramp environment with high energy, including erosional distributary 
channels and some wave action. Conversely, the western portion of the basin contains 
more sheet-like distributary channels and lake flat deposits that are evidence of a shallow 
ramp environment with low energy (Picard, 1957; Keighley et al., 2002). The different 
gradients and thus energy levels in the central and western portions of the basin is
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interpreted as a result of the formation of a siliciclastic wedge along the depositional axis, 
which created a topographic high in the south-central region of the basin (Bereskin et al.,
2004).
The main source of siliciclastic sediment that contributed to the formation of the 
siliciclastic wedge, specifically during Sunnyside delta deposition, is thought to have 
originated from the southeast, where basement cored uplifts formed during the Laramide 
Orogeny (Dickinson et al., 1986; Dickinson et al., 1988). Paleocurrent data collected 
throughout the transitional interval in both regions of the study area indicate dominant 
flow direction towards the north with sediment derived from the south. Major uplifts that 
could have supplied the siliciclastic sediment and created this wedge include the 
Uncompaghre, San Rafael, and San Luis uplifts (Dickinson et al., 1988; Pusca, 2003; 
Davis et al., 2008) (Figure 28).
More recent provenance studies of the underlying Wasatch/Colton Formation 
show that sediment may also be derived from the California paleoriver, a large drainage 
system sourced from the Cordilleran magmatic arc in California (Davis et al., 2010; 
Dickinson et al., 2012) (Figure 28). The Sunnyside delta interval, though temporally and 
stratigraphically distinct from the Colton Formation, is also thought to have been sourced 
from this paleoriver and was deposited via a large deltaic system that prograded into the 
Uinta Basin from the south (Schomacker et al., 2010; Dickinson et al., 2012; Moore et 
al., 2012). The small deltaic systems observed in the transitional interval of this study 
may also be sourced from the California paleoriver, similar to the Sunnyside delta.
The amount of siliciclastic sediment input from this system was highest during the 
deposition of the Sunnyside delta interval. Sediment supply decreased during deposition
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Figure 28 -  Interpreted paleodrainage of siliciclastic sediment from surrounding 
Laramide uplifts and the California paleoriver into the Uinta Basin (using Dickinson 
et al., 1986 and Dickinson et al., 2012) with structural axes of uplifts from Cashion 
(1995).
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of the transitional interval, which allowed for periods of carbonate deposition 
(Remy, 1992). The Sunnyside delta interval, like the transitional interval, is known for 
its high proportions of large sandstone bodies towards the central portion of the basin, 
supporting the interpretation that this was on the main depositional axis (Remy, 1992; 
Schomacker et al., 2010; Moore et al., 2012). However, towards the west in Willow 
Creek/Indian Canyon, stratigraphically equivalent intervals, including the transitional 
interval of this study and the underlying delta facies, are lacking in abundant sandstone 
deposits and so are interpreted as deposited on the fringes of the siliciclastic wedge 
(Morgan, 2003) (Figure 29a).
Temporal Controls
The development of the carbonate and siliciclastic packages during the deposition 
of the transitional interval is a function of sediment supply and accommodation, which 
allowed for the accumulation of siliciclastic facies versus carbonate facies (Figure 29). 
Examination of key surfaces across the study area provides insight into the main controls 
on deposition. First, surfaces of erosion at the base of distributary channels and mouthbar 
deposits in this study typically mark the base of the siliciclastic packages (Si.) and the 
onset of siliciclastic deposition. Basal surfaces of erosion are found at the base of the 
Si.1, Si.2, and the Si.3 packages and can be correlated across the field area. Basal 
erosional surfaces are more apparent in Gate Canyon, where coarse grained sandstone 
bodies (F1) are found immediately above coarse grained carbonate deposits (F3). These 
are similar to those interpreted by Keighley et al. (2003) which examined the Sunnyside 
delta interval below the transitional interval in Gate Canyon and placed surfaces of
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Figure 29 -  Paleodepositional models from the C1 through Si.3; a) Model showing 
lean zone deposition from the base of the C1 through the Si.3 in an overfilled basin; 
lean zone deposition occurs during the hyperthermal events, which cause pulses of 
sediment to enter the lake basin; b) Model showing rich zone deposition from the base 










erosion at the base of channel and floodplain dominated packages. In Willow 
Creek/Indian Canyon, the lack of large sandstone bodies and coarse grained carbonate 
deposits make the identification of these surfaces more difficult. Therefore, the surfaces 
are interpreted at the base of the more siliciclastic dominated zones, which are identified 
as a shift from abundant organic-poor carbonate mudstone beds (F3.3) to abundant 
paleosols (F2.4) and calcareous green siltstone deposits (F2.3).
The siliciclastic packages that overlie the erosional surfaces in Gate Canyon 
contain laterally discontinuous sandstone bodies that display no stratigraphic pattern (i.e., 
randomly spaced) (F1.1). The random dispersal of sandstone bodies within these 
packages suggests an autocyclic control on deposition. However, because the packages 
themselves are correlative across this study area, it is reasonable to infer that the 
deposition is controlled by allocyclic processes, such as climate or tectonics, which 
resulted in a large pulsed input of siliciclastic sediment into the system (Figure 29a).
In sequence stratigraphy, it is often assumed that a basinward shift in facies 
represents a drop in base level. However, the appearance of these siliciclastic packages 
does not represent a basinward shift in facies or a drop in lake level. The coarse grained 
carbonates that typically underlie the sandstone bodies in Gate Canyon are interpreted as 
littoral to sublittoral deposits, similar to the sandstone bodies, and so there is no 
substantial evidence of a significant change in lake level (Rosenberg, 2013; Rosenberg et 
al., in press). Outcrop evidence suggests channels cut less than 1 m into the underlying 
substrate, a relatively small degree of erosion. If lake level fell drastically, highly incised 
and vertically amalgamated channels and possibly incised valleys would be expected 
(Bohacs et al., 2000). The presence of channelized sandstone bodies and their associated
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mouthbar deposits are the result of an increase in siliciclastic sediment input into the lake 
(Figure 29a). Similar to what is observed in studies by Keighley et al. (2003) in the 
Sunnyside delta interval in Nine Mile Canyon (specifically their ‘Type B sequence 
boundaries’) and Rosenberg et al. (in press) in the Douglas Creek and Parachute Creek 
members of the Green River Formation to the east, the laterally extensive surfaces of 
erosion are considered to represent a decrease in accommodation associated with the 
progradation of siliciclastic sediment.
In Willow Creek/Indian Canyon, because the gradient in the western portion of 
the basin was shallow, the facies change in short, meter-scaled stratigraphic succession 
from littoral, subaerial exposed siltstone and mudstone deposits (F2.3) to littoral, 
subaqueous, organic-poor carbonate mudstone deposits (F3.3) in both the siliciclastic and 
carbonate packages. The rapid changes in lithology are often associated with shallow 
ramp environments, where even minor increases in lake level result in significant lateral 
facies changes as a result of lake flat inundation (Remy, 1989; Alonso-Zarza and Wright, 
2010; Rosenberg, 2013; Rosenberg et al., in press). The siliciclastic packages do however 
contain a higher ratio of siliciclastic sediment which indicates that whereas the central 
portion of the region was receiving the bulk of sediment, it was also influencing the 
siliciclastic packages in the west.
The second major surface recognized in this study is laterally extensive flooding 
surfaces, which mark the onset of carbonate deposition (Figure 29b). These surfaces are 
found at the base of the C1, C2, C3, and C4 packages, where carbonate deposition 
abruptly overlies siliciclastic deposition. The top of some siliciclastic packages in the 
study area contain wave ripple modified sandstones and burrows, indicating a relative
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rise in lake level.
The carbonate packages overlying the flooding surfaces are dominated by coarse 
grained carbonates (F3.2) in the central portion of the basin, and organic-poor carbonate 
mudstone in the western portion of the basin (F3.3) (Figure 21). Sparse isolated 
channelized sandstone bodies can be found throughout these carbonate packages, 
predominantly in the central portion of the basin. These channelized sandstone bodies are 
expected in this region because deposition is occurring along the axis of a large deltaic 
system. Although the amount of siliciclastics entering the lake margin decreased 
significantly during deposition of the carbonate packages, fluvial sediment transport and 
deposition did not cease completely and autogenic controls likely caused these channels 
to form as a result of upstream processes, such as avulsion.
The siliciclastic packages and the carbonate packages are controlled by the 
presence or absence of siliciclastic sediment input, which ultimately is controlled by 
tectonics or climate (Figure 29). Past studies of the Green River Formation equate these 
lithologic changes to lake level changes with siliciclastic packages representing lower 
lake level and carbonate packages representing higher lake level (Keighley et al., 2003; 
Johnson et al., 2010), but according to the facies observed in this study and more recent 
studies, carbonates and siliciclastics can be deposited at various depths and occur along 
one shoreline profile concurrently (Birgenheier and VandenBerg, 2011; Aswasereelert et 
al., 2012; Tanavsuu-Milkeviciene and Sarg, 2012; Rosenberg et al., in press). Their 
occurrence can be based on environmental factors rather than lake level fluctuations.
Recent studies have established a relationship between siliciclastic input and 
climate change during the Paleocene to early Eocene (Tucker and Slingerland, 1997;
Foreman et al., 2012; Abels et al., 2013). Early Eocene hyperthermal events, or abrupt 
global warming events, were first observed in marine isotope records (Nicolo et al.,
2007). Some limited terrestrial isotope records of early Eocene hyperthermal events have 
been developed, thus allowing direct investigation of the response of terrestrial systems 
to climate change (Abels et al., 2012; Abels et al., 2013). Hyperthermal events are 
associated with increased precipitation and seasonality that cause increased weathering 
and fluvial siliciclastic sedimentation (Aswasereelert et al., 2012; Foreman et al., 2012;
Abels et al., 2013). The most complete and well-studied terrestrial record is that of the 
PETM, a short-lived yet severe hyperthermal event that occurred at the Paleocene-Eocene 
boundary (~56 Ma) (Koch et al., 2003; Smith et al., 2009). In a recent study by Foreman 
et al. (2012), there is direct evidence of increased sedimentation within fluvial systems of 
the underlying Wasatch Formation in the Piceance Basin across the PETM.
Although the PETM occurred prior to the deposition of the Green River 
Formation, smaller, early Eocene hyperthermal events occurred during the deposition of 
the lacustrine system and it is likely that this terrestrial system responded similarly 
(Lourens et al., 2005; Sexton et al., 2011). Marine records indicate increases in 
temperature of about 2-4° C and events occurring every 100-400 kyr with a duration of 
about 40 kyr (Sexton et al., 2011). These small events have been interpreted as being 
orbitally induced and are documented isotopically in the terrestrial Willwood Formation 
of the Bighorn Basin (Abels et al., 2012; Aswasereelert et al., 2012). Terrestrial systems, 
such as the Willwood Formation and the Green River Formation of the Greater Green 
River Basin, show increased siliciclastic sediment deposition that have been related to 
these events via isotope records and volcanic tuff dating (Smith et al., 2010; Abels et al.,
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2012; Aswasereelert et al., 2012). Within the Green River Formation, the events are 
associated with the previously mentioned organic-lean zones that are found throughout 
this lacustrine formation (Smith et al., 2010; Aswasereelert et al., 2012). The siliciclastic 
and carbonate packages observed in this study are most likely similarly related to these 
hyperthermal events, yet direct isotopic evidence of the relationship has yet to be 
formally established.
Multiple climate studies in the Laramide foreland suggest that the early-middle 
Eocene was increasingly warm and wet, with abundant precipitation (Wilf et al., 1998; 
Sewall and Sloan, 2006). However, during deposition of the Green River Formation in 
the region of the Uinta Basin, it is thought that the climate was fairly arid with less 
precipitation than the surrounding basins, including the Piceance Basin (Wilf et al., 1998; 
Sewall and Sloan, 2006; Tanavsuu-Milkeviciene and Sarg, 2012). Arid environments are 
thought to promote longer periods of landscape stability, and so the lack of abundant 
siliciclastics within the carbonate packages may be a result of stable landscape 
conditions, possibly resulting in the accumulation of the carbonate packages (C1-C4) 
(Smith et al., 2009) (Figure 29b). Conversely, increases in seasonality during the 
hyperthermal events, which are considered to be even more arid yet more monsoonal, 
resulted in large pulses of sediment due to unstable seasonal flooding conditions and 
hence may possibly be associated with the siliciclastic packages that consist of large 
distributary channels and mouthbar deposits (Si.1-Si.3) (Figure 29a).
The Mahogany Interval 
The Mahogany interval in this study, which overlies the transitional interval, 
consists of the S1 sandstone, Mahogany zone, and S2 sandstone (Figures 19 and 22).
These units are fairly similar in both study areas, and so controls on deposition are 
thought to be similar across the region. The S1 sandstone is a regional, laterally 
continuous, cliff forming sandstone body that consists of large-scale accretion sets and 
amalgamated channel bodies (F1.1) with paleocurrent flow towards the north and east 
(Figure 22, Table 2). According to Remy (1992), it is finer grained and less prominent 
both east and west of Gate Canyon, and so the sediment source is most likely from the 
same deltaic system that sourced the siliciclastic packages in the transitional interval. The 
S1 sandstone represents an abrupt, progradation of siliciclastic sediment (Rosenberg,
2013; Rosenberg et al., in press). Facies within the underlying C4 package suggest a slow 
but steady lake transgression occurring in the lacustrine system during this time, as 
evidenced by the appearance of organic-poor mudstones and lack of coarse grained 
carbonates and paleosols. The S1 sandstone is similar to the siliciclastic packages in the 
transitional interval, and represents a minor regression associated with the progradation 
of siliciclastic sediment during this overall lake transgression.
The Mahogany zone, deposited after the S1 sandstone, is a basin-wide unit that 
consists of sublittoral siltstones (F1.2), organic-poor carbonate mudstones (F3.3), and 
profundal oil shale deposits (F4.1) (Figure 22, Table 2). This zone represents a regional 
transgression of the lake following deposition of the S1 sandstone. Although the Gate 
Canyon section contains more profundal oil shale beds than the Willow Creek/Indian 
Canyon section, both regions represent deep, open lake deposits (Figure 30a). In the
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Figure 30 -  Paleodepositional models from the Mahogany zone and the R8 through 
saline facies; a) Model showing the extent of profundal carbonate mudstone during 
Mahogany zone deposition in a balanced-fill basin; regional profundal oil shale 
deposition occurred during an increase in humidity and precipitation, resulting in the 
link between the Uinta and Piceance basins; b) Model showing evaporative facies 
deposition in the distal part of the basin, mouthbar deposition towards the western 
region of the basin, and shoreface deposition towards the central portion of the basin 








Henderson 3 core, which spans the Mahogany zone and is located to the north or 
basinward of Gate Canyon, facies are dominantly profundal oil shale deposits. Saline 
crystals, disseminated dolomite, and precipitated carbonate deposits found within the 
Mahogany zone of the core are representative of a stratified lake (Schubel and 
Lowenstein, 1997; Tanavsuu-Milkeviciene and Sarg, 2012). Stratification is also 
indicated by the XRF data, which displays an increase in heavy metals during oil shale 
deposition (Figure 25). The overlying S2 sandstone represents another progradation of 
siliciclastic sediment, and consists of wave-ripple dominated sandstone bodies in Gate 
Canyon and current ripple dominated siltstones in Willow Creek/Indian Canyon (Figure 
22, Table 2). According to Remy (1992) the highest sediment input occurred east of Gate 
Canyon (eastern Nine Mile Canyon), with facies that resemble those of the S1 sandstone.
The relocation of the main sediment input towards the east may be due to reworking of 
the deltaic system following higher lake level during Mahogany deposition.
The progradation of siliciclastic sediment during S1 and S2 sandstone deposition 
and the overall lake transgression during Mahogany deposition are interpreted to be 
related to both climate and tectonics. The lake began transgressing during the upper 
transitional interval and into the Mahogany zone, as is also observed in the neighboring 
Piceance Basin (Tanavsuu-Milkeviciene and Sarg, 2012). Lake transgression is 
associated with continued tectonic subsidence of the basin combined with an increasingly 
wet climate following the cessation of the Eocene hyperthermal events. Also contributing 
to lake transgression was the filling of Lake Gosiute, which caused major lake water 
displacement into the Piceance and Uinta basins (Wilf et al., 1998; Keighley et al., 2003). 
Following the end of these hyperthermal events, overall fluvial siliciclastic sediment
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supply decreased. As a result of increased precipitation and the rearrangement of 
drainage patterns, a deep, open lacustrine system formed in both the Uinta and Piceance 
basins (Keighley et al., 2003; Davis et al., 2008; Tanavsuu-Milkeviciene and Sarg, 2012).
The minor regressions observed in the stratigraphy at the S1 and S2 sandstones represent 
slight regressions. These events may be associated with small-scale, weaker hyperthermal 
events that are not well documented in the terrestrial record but would continue through 
the Eocene if orbitally induced (Sexton et al., 2011; Aswasereelert et al., 2012).
The R8 Interval
The R8 interval overlies the Mahogany interval and consists of profundal oil 
shales, carbonate mudstones, and siltstones that are capped by the Horse Bench 
Sandstone (Figures 19 and 22). The lower R8 zone is a thick, rich zone that overlies the 
S2 sandstone and consists of profundal oil shales (F4.1) that transition into organic-poor 
carbonate mudstones (F3.3) towards the top (Figure 22, Table 2). Throughout this zone, 
abundant volcanic tuff beds are found. The shift back to the deep, open lacustrine facies 
towards the bottom of this zone signifies another lake transgression following the 
regression during S2 deposition. At this point in time, Lake Uinta in the Piceance Basin 
had begun filling with sediment (Tanavsuu-Milkeviciene and Sarg, 2012). The Willow 
Creek/Indian Canyon R8 section contains more profundal oil shale deposits than in Gate 
Canyon because it is located slightly more basinward (Figure 30b).
A gradual shift from lake transgression to lake regression occurs towards the top 
of the lower R8 zone. From the top of the lower R8 zone to the Horse Bench Sandstone, 
there is an increase in siltstone deposition (F1.2), interpreted as turbidites, in both regions
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of the basin (Figure 22). These siltstones, considered to be part of the Horse Bench 
Sandstone, indicate closer proximity to the lake margin and lake contraction.
The Horse Bench Sandstone is a regional unit within the R8 zone that changes in 
character and depositional processes from east to west. In Gate Canyon, the tabular 
heterolithic sandstone at the top of the unit is dominated by wave ripples and interpreted 
as a shoreface sequence (F1.3); in Willow Creek/Indian Canyon, the sandstone body 
consists of large, channelized deposits (F1.1) representative of a large distributary 
channel network (Table 2). The distributary channels are sourced from the southwest 
with paleocurrents towards the northeast. The Horse Bench Sandstone in both portions of 
the basin are considered to be depositionally related along a shoreline profile. The 
channels in the west prograded towards the eastern part of the basin and likely sourced 
the shoreface deposits in Gate Canyon via long-shore drift. Further evidence that this 
sandstone body prograded from the west is supported by the stratigraphy in the east 
(Evacuation Creek), where the Horse Bench Sandstone is missing within the R8 zone.
The saline facies lies above the Horse Bench Sandstone in the western portion of 
the basin. This thick unit was only observed in the Half Moon Canyon core, and consists 
of profundal oil shale deposits (F4.1) and organic-poor carbonate mudstones (F3.3) with 
increasingly abundant saline crystals (F5.1). The deposition of the saline facies represents 
initial closure of Lake Uinta, with the main outflow mechanism being evaporation 
(Carroll and Bohacs, 1999). XRF data indicate an increase in strontium concentrations 
towards the top of the Half Moon Canyon core and provide further evidence supporting 
evaporation (Appendix D). Strontium in carbonate lake systems is precipitated with an 
increase in salinity, and so it is likely that the lake system became heavily concentrated in
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saline crystals which resulted in an increase in strontium precipitation within the 
carbonate deposits (Witherow and Lyons, 2011). Following the rapid regression 
associated with the Horse Bench Sandstone, the lake regressed slowly and eventually 
closed from the east to the west (Vanden Berg and Birgenheier, 2014).
The consistent lake regression from the base of the Horse Bench Sandstone to the 
top of the saline facies can be attributed to both tectonics and climate. Tectonic activity of 
the Uinta Uplift resulted is re-isolation of the lake systems and rearrangement of drainage 
patterns in the Uinta and Greater Green River basins (Davis et al., 2008; Tanavsuu- 
Milkeviciene and Sarg, 2012). Furthermore, climatic cooling after the Eocene Climatic 
Optimum contributed to increased precipitation as well as increased sedimentation, which 
resulted in the closing of the Piceance Basin (Tanavsuu-Milkeviciene and Sarg, 2012).
With the Uinta Basin isolated from the other continental basins, accommodation 
remained high, but water influx decreased, leading to extreme evaporation of the 
lacustrine system.
Lake Phases
The studied intervals from the middle and upper Green River Formation reflect 
spatial and temporal changes as a result of both climatic and tectonic controls. These 
controls illustrate basin-wide lake evolution that can be associated with the different lake- 
basin types defined by Carroll and Bohacs (1999). The lake-basin types, which reflect a 
balance between the influx of water and sediment and rates of potential accommodation, 
are termed overfilled, balanced-fill, and underfilled. Overfilled basins occur when the 
influx of water and sediment exceeds potential accommodation and so inflow is equal to
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outflow. In overfilled basins, fluvial-lacustrine facies dominate (Bohacs et al., 2000). 
Balanced-fill basins are established when the influx of water and sediment equals 
potential accommodation, and lake level fluctuates above and below sill level. 
Fluctuating-profundal facies are common in this type of lacustrine basin (Bohacs et al., 
2000). Underfilled basins occur when accommodation exceeds water and sediment 
influx, and so lake levels do not reach sill level. In this case, evaporation is the only 
outflow mechanism and evaporative facies dominate (Bohacs et al., 2000).
From the base of the C1 to the top of the Si.3, Lake Uinta is interpreted as 
overfilled with very low accommodation (Figure 29). This type of lacustrine system is 
closely related to marginal fluvial systems that act to carry siliciclastic sediment into the 
basin, and fluvial-lacustrine facies dominate. Lake hydrology is open and lake level 
fluctuations from climate change are negligible (Bohacs et al., 2000). Throughout this 
interval, climate change was the main control for the input of siliciclastic sediment 
(Figure 29).
From the base of the C4 to the top of the lower R8, the lake is interpreted as a 
balanced-fill basin with fluctuating-profundal facies (Figure 30a). In balanced-fill basins, 
inflow is periodically sufficient enough to fill potential accommodation but does not 
necessarily match outflow. Lake level rise from climate change can occur as a result of 
this imbalance (Bohacs et al., 2000). Climate is considered to be increasingly wet with 
high precipitation, thus resulting in lake level rise above the Douglas Creek Arch and 
linkage to the lacustrine system in the Piceance Basin, as suggested by the facies 
observed in these sections (Davis et al., 2008; Gierlowski-Kordesch et al., 2008). 
Throughout this interval, siliciclastic input was very low and accommodation was very
high, as evidenced from the abundance of deep, open lake facies (Figure 30a).
From the base of the Horse Bench Sandstone to the top of the Green River 
Formation, the lake basin was underfilled and contained evaporative facies (Figure 30b). 
Following the balanced-fill basin, climate began cooling and lake drainages were 
rearranged, resulting in re-isolation of the lacustrine systems (Tanavsuu-Milkeviciene and 
Sarg, 2012). Tectonic activity caused further isolation (Davis et al., 2008). The 
rearrangement of drainages resulted in low water influx throughout the basin and infilling 
with sediment from the east to the west, eventually leading to severe evaporation and the 
termination of Lake Uinta.
The lake phases defined here match several other studies of the middle and upper 
Green River Formation. Rosenberg et al. (in press) examined the middle and upper Green 
River Formation on the eastern side of the Uinta Basin and defined lake phases from the 
same stratigraphic intervals. Rosenberg et al. (in press) was able to identify detail in the 
lake stages based on stratigraphic stacking patterns that are not discernible in this study 
area. However, the long-term evolution from overfilled to balanced-fill to underfilled are 
equivalent and correspond to the same stratigraphic units. Another model by Tanavsuu- 
Milkeviciene and Sarg (2012) within the Piceance Basin shows similar lake evolution in 
the neighboring lacustrine system.
Modern Analogs
Modern lakes record numerous controls that are not directly observable in the 
ancient, including climate, hydrology, chemistry, and biology (Bohacs et al., 2000). The 
complexity of these controls makes it difficult to compare modern lake systems to ancient
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lake systems, where only three key end-member facies associations are typically used to 
characterize the ancient stratigraphy (i.e., fluvial-lacustrine, fluctuating profundal, and 
evaporative facies) (Carroll and Bohacs, 1999). Whereas the Green River Formation 
records a long-lived perennial lake system that deposited thick and laterally extensive 
sequences, most modern lakes with similar deposits are very short-lived and smaller 
(Anadon et al., 2009). For this reason, multiple modern analogs must be used to explain 
the different intervals of the Green River Formation, which were subject to significantly 
different spatial and temporal controls (Table 3).
Facies throughout the base of the C1 to the top of the Si.3 are placed into the 
broad category of fluvial-lacustrine facies, where the margin of the lake and the lacustrine 
system are closely related. Modern analogs for the siliciclastic packages in this interval 
include the margin of Lake Baikal and Lake Bogoria, which are located in southern 
Siberia and the central Kenya Rift, respectively (Renaut, 1994; Flower et al., 1995; Back 
et al., 1999; Bohacs et al., 2000; Renaut et al., 2000) (Figure 31a, b). Lake Baikal, a 
freshwater rift lake, is asymmetrical with marginal deposits similar to those observed 
along the margins of Lake Uinta. The western flank of the lake is characterized by base- 
of-slope alluvial fans that are comparable to those observed on the northern flank of Lake 
Uinta (Back et al., 1999). The northern part of the lake is dominated by a large fluvial- 
deltaic system that is analogous to the fluvial-deltaic system interpreted along the 
southern margin of Lake Uinta (Back and Strecker, 1998). This deltaic system transitions 
from a large deltaic plain with meandering channels and floodplain swamps to a delta 
front with axial channel and mouthbar deposits with multiple lobes expressing upstream 
avulsion (Back and Strecker, 1998; Back et al., 1999) (Figure 31a). The delta plain is
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Table 3 -  Modem analogs of Lake Uinta
Lake Type Modem Analog Description
Lean Zones
Lake Baikal, southern Siberia Freshwater rift lake
Lake Bogoria, Kenya Rift Stratified saline rift lake
Overfilled Basin 
(C l-S i.3 )
Rich Zones
Lake Tanganyika, central Africa Mildy alkaline,
carbonate lake
Las Tablas de Daimiel, central Spain Carbonate wetlands
Balanced-fill Basin Lake Malawi, central Africa Stratified saline rift lake
(C4-
m iddle R8) Lake Bogoria, Kenya Rift Stratified saline rift lake
Dabusun Lake, western China Shallow saline lake
Underfilled Basin 
(m iddle R8-Saline 
Facies)
Lake Magadi, Kenya Rift Saline rift lake
Key Similarities Literature
Large, fluvial deltaic system 
to the north, similar to south- 
central Lake Uinta
Small deltaic systems (Loburu 
and Sandai) similar to south- 
central Lake Uinta
Carbonate deposits (calcareous 
siltstone, wackestone, grainstone, 
stromatolites and thrombolites)
Lake flat carbonate deposits 
(organic-poor carbonate mudstone)
Laminated, organic-rich carbonate 
mudstone and siltstone
Organic-rich carbonate mudstone 
with precipitated nahcolite and 
calcite
Extreme evaporation, abundant 
saline deposits
Shallow saline lake with abundant 
saline precipitation
Back et al., 1999 
Back and Strecker, 1998
Ashley et al., 2004 
Driese et al., 2004 
Renaut, 1994
Cohen and Thouin, 1987




Pilskaln and Johnson, 1991 
Renaut, 1994
Schubel and Lowenstein, 
1997
Yang et al., 1995
Eugster, 1986 
Jones et al., 1977 
Surdam and Eugster, 1976
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Figure 31 -  Modern analogs of Lake Uinta; A) Lake Baikal, representative of 
overfilled basin with distributary channel/mouthbar deposition in the transitional 
interval; B) Lake Bogoria, representative of overfilled basin with distributary 
channel/mouthbar deposition in the transitional interval and balanced-fill basin with 
profundal mudstone deposition in the Mahogany interval; C) Lake Tanganyika, 
representative of overfilled basin with coarse grained carbonate deposition in the 
transitional interval; D) Las Tablas de Daimiel, representative of overfilled basin with 
littoral carbonate mudstone deposition in the transitional interval; E) Lake Malawi, 
representative of balanced-fill basin with profundal mudstone deposition in the 
Mahogany interval; F) Dabusun Lake, representative of underfilled basin with 
evaporite deposition after the Horse Bench Sandstone; G) Lake Magadi, representative 
of underfilled basin with evaporite deposition after the Horse Bench Sandstone.
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comparable to the lake flat interpretations in Willow Creek/Indian Canyon whereas the 
delta front and pro-delta is similar to the observations in Gate Canyon (Figure 31a).
Lake Bogoria is a stratified, saline lake with less dense waters lying above deeper 
anoxic waters, similar to the conditions interpreted for Lake Uinta (Desborough, 1978)
(Figure 31b). Deltas of Lake Bogoria, specifically the Loburu Delta, produce facies that 
are similar to those observed along the south-central margin of Lake Uinta (Renaut,
1994). Although modern deltas of Lake Bogoria are smaller with coarser siliciclastic 
sediment compared to those found along the south-central margin of Lake Uinta, similar 
incision and channel organization across the lake flat and into the lake occurs, with 
mouthbar and turbidite deposition occurring basinward. The Sandai Delta, another 
smaller deltaic system along this lake, deposits facies comparable to those found on the 
western margin of Lake Uinta. This low gradient delta consists of mainly mudstones and 
siltstones with local ephemeral washes and sheetwash floods like those found in Willow 
Creek/Indian Canyon (Renaut, 1994). Loboi Swamp, a siliciclastic dominated wetland 
separating Lake Bogoria from its northern, freshwater counterpart, can also be used as a 
modern analog for the lake flat deposits found in Willow Creek/Indian Canyon, including 
the calcareous green siltstones and paleosols (Ashley et al., 2004; Driese et al., 2004).
During deposition of the carbonate packages in the Green River Formation, 
siliciclastic input was diminished and resulted in the accumulation of carbonates. Modern 
analogs for these carbonate lakes include Lake Tanganyika and the Las Tablas de 
Daimiel wetlands, which are associated with coarse grained carbonates and marginal 
carbonate mudstones, respectively (Cohen and Thouin, 1987; Alonso-Zarza, 2003; 
Alonso-Zarza and Wright, 2010) (Figure 31c, d). Lake Tanganyika, located in central
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Africa, is a mildly alkaline, carbonate lake that formed under similar though slightly 
more tropical climate conditions as Lake Uinta (Cohen and Thouin, 1987) (Figure 31c).
The littoral and sublittoral carbonate facies observed in this modern lake include 
carbonate cemented sands, calcareous siltstones, skeletal carbonate shoals (ostracodal 
grainstone), and small stromatolites and thrombolites (Cohen and Thouin, 1987). All of 
these facies are similar to those seen in the carbonate packages of the Green River 
Formation towards the south-central portion of the basin.
The Las Tablas de Daimiel wetlands in Spain are used as a recent analog for the 
lake flat organic-poor carbonate mudstones, or palustrine carbonates, observed on the 
western margin of Lake Uinta (Alonso-Zarza and Wright, 2010) (Figure 31d). Palustrine 
carbonates form in a variety of environments, including low gradient lake margins with 
low energy (Alonso-Zarza and Wright, 2010). Carbonate wetlands are commonly used as 
modern analogs for palustrine carbonate deposition because their lithological and 
chemical characteristics are most closely related to ancient palustrine carbonate deposits 
(Alonso-Zarza and Wright, 2010). Cores of the Las Tablas de Daimiel wetlands suggest 
high sedimentation rates with facies ranging from massive chalky carbonates to 
wackestones and packstones with evidence of subaerial exposure (Alonso-Zarza and 
Tanner, 2006). Although the Willow Creek/Indian Canyon section lacks wackestones and 
packstones, there are organic-poor carbonate mudstones that are both massive and 
mottled from subaerial exposure.
The C4 to the top of the lower R8 consists of fluctuating-profundal facies. Deep 
lake facies dominate this system, including oil shales, organic-poor mudstone, and 
turbidites. Modern analogs include Lake Malawi and Lake Bogoria (Pilskaln and
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Johnson, 1991; Renaut, 1994; Scholz, 1995; Bohacs et al., 2000) (Figure 31b, e). Lake 
Malawi, a rift valley lake located in east Africa, is permanently stratified and anoxic in 
the deepest parts of the lake (Scholz, 1995). Thick sequences of undisturbed, laminated 
organic-rich mudstones and siltstones can be found basinward of the marginal deltaic 
sequences (Pilskaln and Johnson, 1991). The organic richness and extent of these deep 
water sequences are similar to those observed throughout the Mahogany interval of the 
Green River Formation. Similarly, in the deep parts of Lake Bogoria where siliciclastic 
sediments are unable to reach, sediments are characterized by organic-rich carbonate 
mudstones and chemically precipitated sediments (Renaut, 1994). Precipitated sediments 
include nahcolite and calcite, both of which are observed in the thin sections of the 
Mahogany zone in the Henderson 3 core.
From the base of the Horse Bench Sandstone to the top of the Green River 
Formation, the facies can be categorized into the evaporative facies sequence. Dabusun 
Lake, located in the Qaidam Basin of western China, can be used as a modern analog for 
the evaporative stage of Lake Uinta (Yang et al., 1995) (Figure 31f). This shallow lake 
records a number of stages, from dilute to saline to desiccated, which deposit various 
sedimentary and saline structures (Schubel and Lowenstein, 1997). The saline lake stage 
occurs when the rate of evaporation is higher than the rate of inflow, similar to what is 
interpreted during the closing of Lake Uinta (Schubel and Lowenstein, 1997; Bohacs et 
al., 2000). Another modern analog for the evaporative lake stage is Lake Magadi, located 
in the lower part of the Kenyan Rift system (Surdam and Eugster, 1976; Eugster, 1986) 
(Figure 31g). Similar to the evaporative stage of Lake Uinta, Lake Magadi was once part 
of a larger, freshwater lake system. The lake water is presently concentrated with sodium-
carbonate, similar to that expected in Lake Uinta, and seasonal runoff and evaporation are 
the main inputs and outputs, respectively (Jones et al., 1977). Residual brines show a 
complex history of precipitation and resolution (Jones et al., 1977). This process could 
explain the strange sedimentary structures observed in the core of the saline facies, such 
as the saline fractures and voids.
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CONCLUSIONS
A detailed study involving stratigraphy, sedimentology, and geochemistry of the 
middle and upper Green River Formation in the western and south-central Uinta Basin 
allows for a thorough analysis of lake evolution both spatially and temporally. Thirteen 
facies were identified in outcrop and core that were deposited in six different facies 
associations: F1) steep gradient, littoral to sublittoral siliciclastic deposits; F2) shallow 
gradient, littoral to sublittoral siliciclastic deposits; F3) low siliciclastic sediment supply, 
littoral to sublittoral carbonate deposits; F4) siliciclastic sediment-starved, profundal lake 
deposits; F5) saline deposits; and F6) volcanic deposits. The facies reflect depositional 
changes across the lake margin as well as short-term climatic changes and long-term 
tectonic controls through time. Stratigraphy from the transitional interval through the R8 
shows that Lake Uinta evolved in three phases: 1) an overfilled lake characterized by 
siliciclastic and carbonate packages and overall lake transgression from the C1 through 
the Si.3, 2) a balanced-fill lake characterized by deep, open lake deposits from the C4 
through the lower R8, and 3) an underfilled lake characterized by evaporative facies and 
lake regression from the base of the Horse Bench Sandstone through the R8.
The siliciclastic and carbonate packages of the first phase are associated with 
small hyperthermal events that occurred during the early Eocene. These hyperthermal 
events, which are characterized by increased seasonality or monsoonal episodes, resulted 
in increased weathering and siliciclastic deposition. In contrast, the carbonate packages
document periods between these hyperthermal events which allowed for uninterrupted 
accumulation of carbonate deposits. From the base of the C1 through the Si.3, there is a 
shift from littoral to sublittoral deposition, which reflects a slight lake transgression 
during lake evolution. In the central Gate Canyon area and the western Willow 
Creek/Indian Canyon area, there is a significant shift in depositional environments.
Deposits in the south-central region of the basin are dominantly coarse grained 
siliciclastics and coarse grained carbonates whereas towards the west, the deposits are 
dominantly mudstones and siltstones with minor coarser grained siliciclastic deposition.
This shift suggests that the primary sediment source was from the south towards the 
central region of the basin, creating a topographic high that resulted in a steeper gradient, 
ramp environment. The western region lies off of this depositional trend and was 
deposited along a shallower gradient, marginal ramp environment.
The second phase is characterized by major lake transgression as a result of the 
shift from a pulsed climate regime during the Eocene hyperthermal events to a period of 
relative stability during the Eocene Climatic Optimum. This climate shift is associated 
with increased precipitation which caused lake level to rise. Facies suggest that the 
lacustrine system in the Uinta Basin was linked with the lacustrine system in the Piceance 
Basin. The south-central Gate Canyon section and the Henderson 3 core contain more 
profundal oil shale facies as compared to the west, suggesting that the depocenter of Lake 
Uinta persisted in the eastern part of the basin at this time. Following this deep, open lake 
system was the third phase, which is associated with major lake regression. The closing 
of Lake Uinta began during this phase as a result of the rearrangement of lake drainages 
and tectonic activity that isolated the large Eocene lacustrine systems.
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Through observations of facies variations in the Green River Formation and 
interpretations of overall controls on these spatial and temporal changes, both small- and 
large-scale climatic and tectonic events can be determined that shaped the lake system 
through time. Furthermore, increased understanding of climatic and tectonic events in 
these highly sensitive lacustrine systems helps elucidate the impact these events have on 
similar depositional systems in the region.
APPENDIX A
ROAD LOGS
GATE CANYON ROAD LOG
• Follow U.S. Highway 6/191 past Price, heading towards Wellington, UT
• Turn left onto Soldier Creek Road (the turn is immediately after the Chevron)
• Starting at Chevron gas station: 0.0 miles (Soldier Creek becomes 9 Mile Canyon)
• ine Mile Ranch sign (wooden sign): 24 miles
• Argyle Canyon Junction (keep right): 31.9 miles
• Gate Canyon Junction: turn left, 39.0 miles
First Outcrop: Transitional Interval
• 40.3 miles on the left side o f the road; park on the right side road (Figure 32a, b)
Second Outcrop: Mahogany Interval
• S1 sandstone meets road: 42.5 miles
• 42.6 miles on the right side o f the road (cross over stream) (Figure 32c, d)
Third Outcrop: R8
• Turn off for R8 on the right side o f the road: 42.9 miles
• 43.7 miles to well pad, where we park to get to R8 section (left)
• Walk past creepy trailer (Figure 32e, f)
• S2 sandstone meets road: 43.0 miles
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Figure 32 -  Gate Canyon field area photos.
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WILLOW CREEK/INDIAN CANYON ROAD LOG
• Turn off of U.S. Highway 6 onto U.S. Highway 191 to Duchesne
• Starting at bridge crossing over Willow Creek: 0.0 miles
Transitional Interval
• Road Outcrop 1 (section above delta facies)
o 5.2 miles from where road crosses over Willow Creek (4.9 miles from the 
county line) (Figure 33 a)
• Road Outcrop 2
o 5.5 miles from Willow Creek (5.2 miles from county line) (Figure 33b)
Mahogany Interval
• Road Outcrop 3 (S1 sandstone)
o 5.9 miles from Willow Creek (5.6 miles from county line) (Figure 33c)
• Road Outcrop 4 (M ahogany zone)
o 6.2 miles from Willow Creek (5.9 miles from county line) (Figure 33d)
R8 Interval
• Road Outcrop 5 (summit)
o Wavy Tuff: 7.3 miles from Willow Creek (7 miles from county line) 
o S2 sandstone: 7.6 miles from Willow Creek (7.3 miles from county line) 
(Figure 33e)
o Summit: 7.8 miles from Willow Creek (7.5 miles from county line) 
(Figure 33f)
• Road Outcrop 6 (Horse Bench)
o 10.6 miles from Willow Creek (10.3 miles from county line) 
o Outcrop right past mile marker 270 near sign that says “Icy road next 9 
mi” (on left when driving down road) 
o Park: N 39°54’36.8” W 110°42’09.5” (Figure 34a, b) 
o Follow gully into trees, stay to the right, outcrop starts along stream bed 
(Figure 34c) 
o Outcrop: N 39°54’43.6” W 110°42’16.1” 
o Topped by Horse Bench Sandstone (Figure 34d)
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Figure 33 -  Willow Creek road outcrop photos.
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Figure 34 -  Willow Creek Horse Bench Outcrop 6 photos.
APPENDIX B
MEASURED STRATIGRAPHIC SECTIONS
Appendix A contains 11 measured sections from the 2 outcrop areas (Gate 
Canyon and Willow Creek/Indian Canyon) and the 2 measured cores (Henderson 3 and 
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THIN SECTIONS FROM HENDERSON 3 CORE
Appendix C contains descriptions o f the 16 thin sections from the Henderson 3 
core. A table is provided that summarizes the thin sections and photomicrographs are 
included that highlight major observations in each thin section (Table 4, Figures 35 and 
36).
Table 4 -  Thin section descriptions.
Sample #
Thin Section Information
Section Depth Strat. Unit Lithology Matrix
1 354.6 ft S2 S.S. Fine sandstone with 
dark mudstone
5-40% micrite
2 352 ft S2 S.S. Dark mudstone with 
very fine sandstone 
lenses
20-100% micrite
3 319 ft S2 S.S. Dark mudstone with 
very fine sandstone 
lenses
80% micrite
4 295 ft S2 S.S. White/green carb. 
mudstone
95% micrite










7 224.2 ft Mahogany
Zone
Dark carb.mudstone, 
organic rich with 
dolomite
60-80% micrite






Quartz Skeletal Carb. Non-skeletal Carb. Other
Yes Ostracod debris 
Yes Ostracod debris
Yes Ostracod debris
Yes, Ostracod debris 
minor
Yes Ostracod debris, 
minor




Yes Ostracod debris, 
minor
Minor dolomite -





Precipitated Micrite clasts 
carb. nodules












Table 4 -  Continued
Thin Section Information
Sample # Section Depth Strat. Unit Lithology
9 139 ft SI S.S. Dark carb.mudstone,
organic rich with 
saline crystals
10 128.5 ft SI S.S. VF S.S. with organic
rich mudstone
11 113.5 ft SI S.S. VF S.S. in organic
rich mudstone
12 107 ft C4 Tan carb.mudstone,
moderately organic, 
lenses o f sandstone
13 64 ft C4 Tan carb.mudstone,
moderately organic, 
carbonate grains
14 16.5 ft C4 Tan carb.mudstone,
moderately organic, 
marcasite
15 15.5 ft C4 Tan carb.mudstone,
low organic content, 
marcasite
16 7 ft C4 Wackestone, rip ups,
organic rich lenses
Grain Types Facies
Matrix Quartz Skeletal Carb. Non-skeletal Carb. Other
90% micrite Yes Ostracod debris, — Salines,
minor marcasite
< 10%  micrite Yes Ostracod debris, — -
minor
40% micrite Yes Ostracod debris, Yes —
minor
> 90% micrite Yes -  -  -
50-95 % micrite Yes Ostracod debris Yes, Micrite clasts
ooids
80-100 % micrite Yes Ostracod debris, — —
minor
50-100 % micrite Yes Ostracod debris, -  Marcasite
minor
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Figure 35 -  Thin section photomicrographs (1-8); PL - plain light, XP - cross polarized 
light.
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Appendix D contains scatter plots and depth plots o f both XRF data and isotope 
data o f the Henderson 3 core and XRF data o f the Half Moon Canyon core.
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